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About  the  cover;  .A  computer-colorized  interfero- 
gram  shows  the  flow  field  around  a  model  under¬ 
going  tests  in  NAVSWC's  Hypersonic  W'ind  Tunnel 
^2  at  a  Mach  number  of  5.  The  model  is  a  simula¬ 
tion  of  the  indented  shape  that  may  occur  on  a 
re-entry  vehicle  nose  tip  because  of  ablation  due  to 
atmospheric  heading.  The  holographii  interfero¬ 
metry  technique  used  here  gives  aerodynamic 
engineers  a  non-intrusive  means  of  measuring  air 
densities  in  complicated  flow  fields. 
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A  Message  from  the  Technical  Director 


It  gives  me  a  great  deal  of  pleasure  to  welcome  all  of  our  new  readers  to 
the  premier  issue  of  our  Technical  Digest.  This  and  future  issues  will 
introduce  you  to  the  scientists  and  engineers  at  the  Naval  Surface  Warfare 
Center,  and  to  their  many  and  varied  technical  contributions  in  support  of 
the  Navy. 

The  United  States  Navy  has  a  long  and  proud  tradition  of  service  to  our 
nation,  dating  from  the  founding  of  the  Republic.  Throughout  its  history, 
the  Navy  has  both  supported  and  utilized  the  applications  of  emerging 
technology  to  improve  its  fighting  capabilities— to  move  forward  from  sail 
to  steam  to  nuclear  propulsion;  from  long  glass  and  signal  flags  to 
sophisticated  electronic  surveillance  and  communications  systems;  from 
round  shot  and  boarding  pikes  to  missiles  capable  of  reaching  unseen 
targets  at  ranges  of  hundreds,  even  thousands,  of  miles. 

Scientists  and  sailors,  working  together,  made  this  happen.  The  history  of 
the  naval  service  and  the  history  of  science  and  engineering  in  the  nine¬ 
teenth  and  twentieth  centuries  are  intertwined,  as  seen  by  the  work  of  such 
outstanding  individuals  as  Fulton-Colt-Dahlgren-Taylor-Michelson-Edison- 
Millikan-Goddard-Norden-Atanasoff— all  of  whom,  along  with  many  more, 
contributed  their  special  talents  to  help  meet  the  technical  needs  of  the 
Navy, 

We  at  the  Naval  Surface  Warfare  Center,  as  well  as  our  colleagues  at  the 
other  Navy  research  and  development  laboratories,  are  proud  to  be  a 
continuing  part  of  this  tradition.  This  Center’s  advances  in  science, 
technology,  and  engineering  will  help  assure  that  future  naval  forces  will 
continue  to  be  able  to  go  in  harm's  way,  whenever  and  wherever  called 
upon.  We  are  pleased  to  be  able  to  share  some  of  the  results  of  our  work 
with  you  in  this  forum. 

As  with  any  new  venture,  the  introduction  of  the  Technical  Digest  was 
neither  simple  nor  straightforward.  I  would  particularly  like  to  thank  the 
members  of  the  Editorial  Board  for  their  many  hours  of  unselfish  dedica¬ 
tion  in  helping  to  launch  this  publication,  and  our  Editorial  Staff  in  the 
Center’s  Technical  Information  Division  for  their  production  of  the  finished 
document.  Both  groups  demonstrated  true  Navy  “can-do”  spirit  in  trans¬ 
forming  the  concept  of  this  Center’s  technical  publication  into  reality. 


THOMAS  A.  CLARE 
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Guest  Editor^s  Introduction 


■'Research  and  Technology — Shaping  Future  Naval  Systems.”  For  the  in¬ 
itial  issue  of  the  Naval  Surface  Warfare  Center’s  Technical  Digest,  our 
Board  of  Editors  selected  this  rather  broad  theme  as  one  reflective  of  the 
Center’s  mission  and  programs.  Further,  we  sought  a  theme  to  encompass 
technical  articles  representative  of  our  overall  mission  as  the  Navy’s  prin¬ 
cipal  research,  development,  test  and  evaluation  center  for  surface  ship 
combat  systems,  ordnance,  mines,  and  strategic  systems  support. 

The  future  of  naval  warfare  is  entering  a  critical  era  which,  on  the  one 
hand,  offers  hitherto  unknown  technological  possibilities,  and  on  the  other, 
limits  those  possibilities  within  the  scope  of  affordable  costs.  To  make  wise 
choices,  we  must  strengthen  the  bridge  between  engineer and 
technology.  Concurrently,  we  seek  methods  of  reducing  the  time  it  tcl  rc 
bring  new  developments  to  fruition.  The  question  then  becomes.  How  do 
we  manage  research  and  technology  in  order  to  shape  those  naval  systems 
that  will  best  protect  the  national  interests  in  the  years  ahead?  How  do  we 
assure  that  our  naval  forces  will  be  able  to  perform  future  missions  and 
defeat  future  threats— threats  projected  to  differ  substantially  from  those  of 
the  recent  past  in  both  nature  and  sophistication?  Several  of  the  articles  in 
this  issue  address  these  concerns,  some  in  rather  general  terms,  and  others 
from  the  standpoint  of  specific  developing  technologies  or  research  and 
development  programs. 

The  Center’s  philosophy  for  developing  complex  surface  warfare  systems 
is  founded  on  systems  engineering  principles.  Only  a  comprehensive, 
disciplined  engineering  approach  to  development  of  combat  systems  can 
achieve  the  affordable  warfighting  capability  necessary  for  the  future.  The 
accompanying  figure  illustrates  the  basic  functional  elements  of  the  combat 
system,  namely:  “Detect”  the  target,  “Control”  the  weapon,  and  “Engage” 
the  target.  We  believe  the  Center  must  continue  to  maintain  full-spectrum 
capability  in  these  critical  functions.  A  sound  technology  base  provides  not 
only  the  foundation,  but  also  a  wealth  of  opportunities  to  meet  the  needs  of 
the  Navy  well  into  the  twenty-first  century.  The  vision  to  anticipate  these 
futu''e  needs  relies  upon  strong  “Warfare  Analysis”  and  “Systems  Engineer¬ 
ing.”  Accordingly,  we  begin  the  Technical  Digest  with  articles  describing 
the  Center’s  vision  of  the  force  structure  for  the  2030  time  frame  and  some 
of  the  research  and  technology  that  may  well  be  “shaping  future  naval 
systems.”  The  articles  represent  a  wide  variety  of  subject  matter,  presented 
in  four  major  categories:  Combat  Systems,  Surface-Warfare  Systems,  Under¬ 
water  Systems,  and  Space  and  Strategic  Systems.  In  future  issues,  we  will 
tend  to  focus  on  more  specialized  subject  areas.  The  next  issue,  for  exam¬ 
ple,  will  concentrate  on  Detection  Systems,  the  first  element  in  our  combat 
system  model. 

Combat  Systems 

The  first  two  articles  in  the  Combat  Systems  grouping  discuss  the  evolu¬ 
tion  of  naval  surface  warfare  in  a  time  of  significant  change.  Our  naval 
force  structure  is  likely  to  be  altered  dramatically  by  fundamental  shifts  in 
the  geopolitical  arena,  advances  in  technology,  and  stringent  cuts  in  the 
defense  budget.  Meyer  summarizes  the  impact  of  these  changes  and  pro¬ 
jects  long-range  changes  in  force  structure,  surface-ship  design,  and 
warfighting  capabilities.  These,  in  turn,  suggest  many  technology  needs, 
including  reduced  signature,  improved  sensor  performance,  and  revolu¬ 
tionary  new  weapon  systems.  Henderson  approaches  evolutionary  change 
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Systems  and  Components 


from  the  perspective  of  the  AEGIS  combat 
systems  baseline.  Kc  discusses  a  systematic 
approach  to  performance  upgrades  for  the  2030 
time  frame,  giving  several  examples  of 
technology  innovation.  Among  them  is  an  open 
combat  systems  architecture— a  distributed,  bus- 
connected  processing  architecture  that  allows 
insertion  of  new  technology  more  readily. 

The  complexity  of  modern  systems,  coupled 
with  accelerating  technological  advances,  re¬ 
quires  a  disciplined  systems  engineering 
approach  to  the  development  of  naval  systems. 
Kreider  and  Nance  postulate  a  concept  for 
engineering  large-scale  systems,  based  on  an 
‘‘objectives,  principles,  attributes"  structure. 
This  methodology  is  an  extension  of  a  previous 
effort  to  apply  the  same  structure  to  software 
engineering. 

The  next  two  articles  provide  good  examples 
of  the  utility  of  simulation  and  modeling,  first 
at  the  force  level  and  then  for  a  specific  ship- 
level  problem.  Blanton  addresses  complex, 
multiwarfare  analysis  problems  involving  fleet, 
point  and  area  defense,  outer-air  battle,  space- 
based  surveillance  and  target  assets,  and  some 
limited  antisubmarine  and  electronic  warfare. 
He  describes  a  model  based  on  Advanced 
Distributed  Processing  Technology  originated  at 
NAVSWC  several  years  ago,  which  has  since 
matured  and  been  applied  to  several  large-scale 
warfare  analysis  problems.  Yencha 
demonstrates  the  utility  of  a  simulation  model 
for  estimating  the  degradation  of  a  ship's  effec¬ 
tiveness  when  exposed  to  a  chemical  attack. 
Most  important,  the  simulation  provides  a 
useful  tool  to  design  future  ships  for  sur¬ 
vivability  against  chemical  attacks  which,  based 


on  Operation  Desert  Storm  experience,  could 
pose  a  serious  threat.  In  the  last  article  of  this 
section,  Knudsen,  Brown,  and  Ingold  describe 
an  ongoing  program  for  implementing  fiber¬ 
optic  data  transfer  networks  in  surface  Navy 
ships. 

Surface-Launched  Weapon  Systems 

Surface-launched  weapon  systems  such  as 
Tomahawk  and  the  16-inch  naval  gun  were 
used  quite  successfully  in  the  recent  Persian 
Gulf  conflict.  Considering  the  success  enjoyed 
by  the  U.S.  and  its  coalition  allies  during  the 
Gulf  War,  one  might  well  ask.  Why  be  con¬ 
cerned  about  incorporating  new  technology 
into  the  weapon  systems?  However,  as  naval 
targets  become  faster,  more  stealthy,  more 
coordinated  and  maneuverable,  surface- 
launched  weapon  systems  must  likewise  keep 
pace  in  order  to  maintain  superiority.  Six 
Digest  articles  highlight  promising  technology 
for  tomorrow’s  fleet.  In  the  first,  Holland,  Tarr, 
and  Farsaie  describe  how  Artificial  Neural  Nets 
(ANN)  can  be  used  to  determine  the  type  of 
target  a  remote  infrared  (IR)  sensor  sees,  based 
on  actual  IR  data.  The  ANN  was  trained  on 
targets  typical  of  those  encountered  by  the 
Marines,  but  has  potential  value  for  other 
applications  as  well. 

Blair  demonstrates  how  a  relatively  new  type 
of  filter,  Interactive-Multiple-Model,  can  im¬ 
prove  the  target-state  estimate  of  a  high-speed 
target  over  existing  filters.  Of  course,  the  better 
one  can  predict  the  target  state,  the  better  the 
fire  control  solution  and  the  more  likely  a 
successful  engagement  by  a  friendly  weapon  or 
decoy. 

The  next  two  articles  are  oriented  toward 
innovation  in  the  airframe  area.  Schindel  and 
Hardy  address  improvements  in  airframe 
design  for  engaging  either  a  very  long-range 
target  or  a  high-speed,  low-altitude  cruise 
missile.  In  the  second  article.  Spring,  Yanta, 
and  Gross  describe  an  innovative  way  to  deter¬ 
mine  flow-field  information  around  a  high¬ 
speed  weapon  configuration  by  means  of 
holographic  interferometry  (HI),  This  diagnostic 
tool,  readily  adaptable  to  many  wind  tunnels,  is 
a  nonintrusive  (outside  the  tunnel  test  section) 
technique  based  on  changes  in  light  waves  as 
they  pass  through  regions  of  the  flow  field. 
NA'VSWC  maintains  a  full  range  of  wind 
tunnels  for  aerodynamic  testing  of  weapons. 
Holographic  interferometry  is  one  of  the  alter¬ 
natives  pioneered  at  NAVSWC  for  determining 
flow-field  information. 

Talmy,  Haught,  Wuchina,  and  Zaykoski,  in  an 
article  on  celsian-based  ceramics  for  radomes, 
address  the  materials  problems  encountered 
with  all-weather  operation  of  high-speed,  termi- 
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nally  guided  missiles.  The  goal  here  is  to  find  a 
material  that  will  allow  the  missile  to  fly  at 
Mach  numbers  of  7  or  higher  without  resorting 
to  radome  covers  or  coatings  to  withstand 
operation  in  a  rain-erosive  environment. 

In  the  final  article  in  the  Surface-Launched 
Weapons  section,  Luessen  describes  the  poten¬ 
tial  value  to  the  Navy  of  directed-energy 
technology,  particularly  in  self-defense  of  sur¬ 
face  ships. 

Underwater  Systems 

The  Underwater  Systems  program  at 
N.WSWC  encompasses  antisubmarine  warfare 
(ASW)  and  antisurface  warfare  (ASUW),  involv¬ 
ing  numerous  weapon  concepts  and  missions. 
Examples  include  warhead  concepts  for 
torpedoes  and  mines,  design  and  development 
of  new  underwater  weapon  systems,  signal  pro¬ 
cessing,  and  related  analyses  of  new  weapon 
concepts  for  underwater  ocean  environments. 
Environments  of  concern  vary  from  the  harsh 
and  unfamiliar  world  of  the  arctic  and  antarc¬ 
tic,  to  the  shallow  water  envisioned  for  many 
third  world  engagement  scenarios.  Articles  in 
the  Underwater  Systems  section  address  the 
environment,  the  potential  benefits  from 
improvements  in  shallow-water  acoustic  model¬ 
ing,  and  new  techniques  in  signal  processing, 
such  as  adaptive  neural  nets. 

The  first  article  focuses  on  electromagnetic 
noise  associated  with  the  arctic  aurora,  in  par¬ 
ticular,  the  potential  for  this  noise  to  disturb 
many  types  of  electrical  systems,  including 
communication  and  weapon  systems.  Scarzello, 
Lenko,  and  Durante  describe  an  Arctic 
Research  Buoy  that  collects  electromagnetic 
noise  data  in  the  polar  and  aurora  zones,  and 
then  transmits  the  data  to  the  continental 
United  States  via  satellite  for  use  in  designing 
naval  systems. 


The  recent  focus  on  regional  conflicts 
emphasizes  the  need  for  improvements  in 
shallow-water  anti-submarine  warfare.  Of  par¬ 
ticular  interest  is  the  active  detection  of  under¬ 
water  targets  in  coastal  regions  with  adverse 
acoustic  environments.  Arvelo  discusses  the 
development  of  a  normal  mode  sound  propaga¬ 
tion  model  which  considers  sound-speed  varia¬ 
tion,  sediment  and  sub-bottom  elasticity, 
surface  and  bottom  roughness,  and  range 
dependence.  Good  agreement  between  the 
predictions  and  test  measurements  is  presented 
to  validate  the  model. 

Underwater  mines  have  historically  played  an 
important  role  in  undersea  warfare.  Being 
entirely  autonomous,  they  generally  rely  on 
passive  sensors  for  target  detection.  The  advent 
of  embedded  computers  and  low-power  pro¬ 
cessors  has  enabled  mines  to  process  more  data 
with  the  potential  of  classifying  targets  to 
improve  effectiveness  and  countermeasure 
resistance.  Baran’s  article  presents  a  neural 
network  that  discriminates  between  surface  and 
submarine  targets— a  first  step  toward  solving 
the  classification  problem. 

Space  and  Strategic  Systems 

The  Center  has  a  long  history  of  supporting 
the  fleet  in  space  and  strategic  systems  and 
related  technologies,  particularly  in  fire-control 
software  and  re-entry  body  technology.  Future 
issues  of  the  Digest  will  address  this  important 
subject  area.  We  include  in  this  issue  one 
article  on  space  systems,  in  which  Evans, 
Hermann,  and  Miller  discuss  work  of  the  past 
eight  years,  demonstrating  that  the  Global  Posi¬ 
tioning  System  can  provide  users  with  real-time 
platform  attitude  information  that  significantly 
enhances  the  operation  of  the  Inertial  Naviga¬ 
tion  System,  especially  in  the  azimuth  (heading) 
component. 
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A  Vision  of  Naval  Surface  Force 
Structure  in  2030 

Victor  A.  Meyer 


This  Naval  Surface  Warfare  Vision  is  a  strategy-framed,  lop- 
doH’p  description  of  surface  ivai  fare,  circa  2030.  Surface  warfare 
is  naval  warfare  conducted  from  surface  platforms  against  sur¬ 
face,  subsurface,  air,  and  space  forces.  It  also  includes  organic 
off-board  assets  and  support  from  nonorganic  assets  and 
joint/allied  forces. 

The  focus  of  this  2030  Vision  is  on  warfighting.  A  surface  war¬ 
fare  concept  of  operations  is  postulated  and  evaluated  in  several 
different  naval  campaign  models.  The  campaign  models  are 
varied,  depending  on  future  world  geopolitical  trends.  A  naval 
force  structure  is  postuJoted  and  analyzed  in  terms  of  the  surface 
ships  and  the  associated  combat  systems  required  to  implement 
the  concept  of  operations.  Ship  and  combat  system  concepts  are 
generated  for  notional  ship  types  needed  to  fulfill  the  postulated 
force  c,tructure.  This  rebalancing  of  force  structure  would  provide 
a  more  flexible  and  adaptable  surface  Navy  needed  to  defend  the 
national  interests  of  the  U.S.  across  the  full  spectrum  of  conflict 
from  naval  presence  and  deterrence  to  low-intensity  conflict  or 
global  war- 


introduction 

The  United  States  Navy  is  destined  to  undergo  significant  change  in  the 
coming  decade.  Driven  by  fundamental  changes  in  the  geopolitical  arena, 
advances  in  technology,  and  stringent  cuts  in  the  defense  budget,  our  naval 
force  structure  is  likely  to  be  altered  substantially  as  we  plan  for  the  21st 
century.  It  is  vital  that  we  understand  these  changes  and  their  implications 
so  that  we  can  manage  this  transition  successfully. 

A  survey  of  geopolitical  events  in  1991  finds  extraordinary  change.  The 
dramatic  decline  of  the  Soviet  Union  and  the  dissolution  of  the  Warsaw 
Pact  have  significantly  reduced  the  threat  of  a  war  in  central  Europe. 
Super-power  polarization  no  longer  dominates,  having  been  pushed  aside  by 
the  pragmatism  of  economic  survival.  The  twin  engines  of  social  and 
economic  change  are  overwhelming  the  old  order  in  scenes  marked  by  tur¬ 
bulence  and  instability.  Nationalism  founded  in  ethnic,  racial,  and  religious 
mores  is  reshaping  governments  on  both  sides  of  the  old  Iron  Curtain. 
Ideological  battles  have  given  way  to  demands  for  individual  freedoms  and 
improved  living  standards.  The  struggle  to  control  access  to  the  world’s 
resources  on  the  one  hand,  and  the  need  to  protect  the  world’s  environment 
on  the  other,  will  be  played  out  on  center  stage  in  the  years  ahead. 

The  threat  to  U.S.  naval  forces  in  the  future  will  no  longer  be  limited  to 
the  latest  Soviet  missile  or  submarine.  While  we  cannot  abandon  completely 
a  strategy  that  has  held  in  check  for  45  years  an  often  adventurous  and 
sometimes  hostile  Soviet  Union,  we  must  balance  that  strategy  with  naval 
forces  designed  to  counter  the  more  likely  occurrence  of  regional  and  low- 
intensity  conflict.  No  less  violent  in  nature  than  larger  scale  engagements, 
regional  and  low-intensity  conflicts  present  unique  warfare  requirements 
that  arise  from  the  diversity  of  the  forces  involved,  the  rules  of  engagement 
that  govern  such  conflict,  and  the  usually  common  characteristics  of  being 
in  close  proximity  to  a  land  mass.  These  conditions  will  demand  that  future 
naval  forces  be  more  flexible  and  adaptable  to  mission  requirements  and  a 
diverse  threat  spectrum,  while  at  the  same  time  operating  in  a  more  limited 
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attle  space.  This  will  ultimately  allect  the  type 
of  naval  forces  needed  to  perform  warfare- 
tasks. 

The  technology  outlook  and  its  potential  for 
naval  applications  hold  great  promise  in  the 
years  ahead,  tempered  by  the  high  price  of 
technology  development  and  the  long-lead  time 
needed  to  put  advanced  systems  into  opera¬ 
tional  use.  High  technology  systems,  such  as 
directed  energy,  signature  reduction,  advanced 
electronics/photonics,  and  space  systems,  need 
to  be  pursued  in  a  highly  interactive  manner, 
however,  if  technology  is  to  be  used  effectively 
and  affordably  in  naval  applications.  Strategy¬ 
framed  concepts  of  operations  must  be  defined 
to  serve  as  constructs  upon  which  to  evolve 
innovative,  advanced  systems  concepts.  By 
encouraging  a  healthy  balance  between  the 
technology  "[msh"  and  th(!  warfare  require¬ 
ments  “puir'  process,  we  can  de\  elop  ad¬ 
vanced  na\al  systems  that  will  meet  the  threat 
within  the  constraints  of  cost. 

Because  of  fundamental  problems  in  the  L'.S. 
economy  related  to  large  trade  and  budget 
deficits,  record  personal  and  corporate 
indebtedness,  and  interesi  on  the  three-trillion- 
dollar  national  debt,  it  is  very  likely  that  the 
defense  budget  will  decrease  substantially  in 
the  foreseeable  future.  This  is  further  com-' 
pounded  by  politic:al  expectations  of  a  "peace 
dividend"  as  we  see  our  traditional  foe  en¬ 
meshed  in  sweeping  economic  and  political 
reform.  .Additionally,  manpower  for  the  all- 
\()lunteer  force  will  l)e  more  scarce  and  costly, 
at  least  through  the  mid-90s.  when  the 
demographic  curve;  reverses  the;  eairrent  decline; 
of  military-age;  ree  ruits. 

I.ogically.  the  .\avy  and  .Marine  (iorps  might 
expect  a  less  substantial  cut  than  the;  other  ser- 
Mces  beecause  of  the  forward-deployed,  flexible 
nature  e;!  the;ir  fejrc.ees.  I’eacetime  politics  are 
likely  to  pre;\ail.  he)we;ve;r,  and  the  sea  servie;e;.s 
may  e-xpe-e  t  to  be;  cut  by  tbe;ir  "fair  share." 

Force  Structure  Trends 

The;  implieiations  of  these;  events  in  terms  of  a 
future  naval  forc:e;  strue:ture  can  be  analy/e;d'  to 
prrn  ide;  some  interesting  insights, 

•  In  the  anticipated  future;  "unstable  pe;ae;e" 
we  are  likely  te;  ne;ed  naval  fore:es  in  merre 
[)lae:es,  but  have;  fewer  forces  to  respond. 
.\'e;w  balances  will  have;  to  be  struck  to 
match  peacetime  eieployments  with  shifting 
national  interests,  and  ultimately  to  reshape 
forea;  structure  to  ae:t:ommodate  more 
diverse;  tasking. 

•  Better  global  intelligence  and  multispectral 
surveillance  (e.g.,  electromagnetic,  acoustic, 
optical)  will  be  needed  so  that  naval  forces 
can  be  alerted  early  and  updated  frequently 


as  they  respond  to  time-sensitive;  situations, 
Maldeployments  must  be;  minimized. 

•  Future  naval  fore:e  structure  must  be  suffi¬ 
ciently  flexible;  and  adaptable  to  operate 
ae:ross  the  complete  spectrum  of  conflict 
from  peacetime  preseiu:e  and  crisis  response 
to  limited,  regional,  or  global  cnnve;ntional 
war. 

•  Interoperable;  maritime  forceis  that  have 
common  interfaces  with  joint  serv  ice  anil 
allied  forces  are  true  force  multipliers.  'I  he 
operational  value,  and  political  benefits  will 
be  worth  the  effort  to  develop  force 
interoperability. 

•  Increased  communications,  data  fusion,  and 
information  management  will  be  available  to 
manage  a  multi-sensor,  all  source  data  base 
distributed  across  the  geographically  ex¬ 
panded  battle  space. 

•  Increased  instances  of  low-intensitv  conflict 
will  require  that  naval  forces  be  available 
early  to  keep  the  conflict  from  escalating 
and  to  maintain  a  sustained  effort.  These 
forces  should  be  compatible  with  friendly, 
indigenous  naval  forces  to  help  train  them 
and  to  foster  cooperation. 

•  There  will  be  an  increased  requirement  to 
perform  mine  countermeasures,  shallow- 
water  antisubmarine  warfare  and  c;oastal 
warfare,  both  as  a  part  of  low-intensity 
conflict  op(;rati(;ns  and  for  defense  of  our 
own  coasts  against  submarine-launched 
missiles,  covert  operations,  and  drug 
smuggling. 

•  Changing  demographics,  educational  skills, 
and  system  automation  will  require  im¬ 
provements  in  training,  personnel 
assignments  and  rotations,  and  possible 
adjustments  in  Ihe  active/reserve  force  mix. 

•  R(;duced  target  detectability  and  response 
lime  will  shrink  the  battle  space  and  place 
(;mphasis  on  countermeasures  and  point- 
defense  .systems  against  both  missiles  and 
torpedoes;  this  will  lead  to  emphasis  on 
prevention  of  targeting  via  stealth  and 
deception. 

•  High  technology  systems  will  become  in¬ 
creasingly  cosily  to  develop  and  maintain 
over  their  life  cycle.  C.reat  care  will  be 
needed  to  introduce  new  technology  where 
it  will  have  maximum  leverage. 

•  Improved  battle  damage  assessment  will  be 
needed  against  over-the-horizon  targets  to 
avoid  wasting  a  limited  inventory  of  high 
technology  weapons. 

Roles  and  Missions 

Having  noted  some  of  the  more  significant 

trends  that  will  affect  our  Navy  in  the  future,  it 

is  important  that  we  examine  the  roles  and 
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missions  (ho  Xtuy  uill  be  required  to  perforin 
in  the  yeiirs  eliend.  The  Navy's  mission  "to 
i:on(iui:t  prompt  and  sustained  combat  opera¬ 
tions  at  sea  in  support  of  U.S.  national  in¬ 
terests"  will  remain  clear.  So  will  the  funda¬ 
mental  elements  of  our  maritime  strategy  —  a 
forward,  global,  and  Hexible  force  which,  in 
conjunction  with  our  allies,  can  deter  or  defeat 
any  threat  to  our  national  security.  This  policy 
will  continue  to  he  functionally  implemented 
b\  sea  control  and  power  projection  forces  that 
include  the  elements  of  strategic  deterrence 
and  strategic  sealift. 

It  is  at  this  point.  Iiowever.  that  choices  con- 
ci'rning  the  future  naval  force  structure  must 
he  made.  What  balance  between  the  various 
lori:e  structure  elements  is  needed  to  carry  out 
tile  Navy's  mission  and  strategy  in  the  next 
decade  and  into  the  21.st  century?  How  does 
one  provide  a  tlexible.  adaptable  force  in  the 
numbers  needed  to  deter  any  potential  Soviet 
threat,  \et  still  operate  effectively  and  effi¬ 
ciently  in  low-intensity  conflict,  all  within  the 
limits  of  a  severely  reduced  naval  budget?  How 
should  the  future  force  be  employed  and 
deployed?  The  answer  to  the  last  (pieslion  can 
be  instructive  in  formulating  the  answers  to  the 
first  two. 

Concept  of  Operations 

If  we  postulate  a  future  naval  operating  torero 
It)  as  having  two  elements,  a  main  lorce  and  a 
screening  force,  as  depicted  in  the  concept  of 
operations  shown  in  Figure  I,  we  can  analyze 
how  they  interact  during  a  typical  deployment 
scenario. 2  During  the  breakout  pha.se,  the 
screening  fore.e  may  perform  mine  counter¬ 
measures  and  shallow-water  ASW  for  the  main 


force  that  will  provide  the  mobilit),  sus¬ 
tainability.  and  '.romniand  and  control  funcliuns 
of  the  force.  In  the  open-ui:ean  transit  pliase. 
the  main  force  provide.s  deep-water  amisul)- 
marine  warfare  |.■\.S\V|  and  wide-area  antiair 
warfare  h-\A\V)  protection  to  tiie  total  lorce, 
while  llie  screening  force  may  he  used  to  .uig- 
ment  the  .ASW  screen  or  act  as  a  deception 
force.  Near  the  vvarfighling  objectives,  the 
screening  force  may  be  used  to  probe  and 
stretch  enemy  defense.s  in  an  attempt  to 
discover  weaknesses,  decei\e  and  imbalance 
defenses,  and  cause  maldeployments  that  will 
expose  critical  enemy  vulnerabilities  to  .strikes 
by  the  main  force.  Usitig  the  maneuver  warfare 
attributes  of  surprise,  speed,  boldness,  and  in¬ 
itiative  to  create  a  high  tempo  of  operations, 
enemy  weak  points  are  rapidly  and  repeatedly 
struck  to  achieve  the  maximum  physical  as  well 
as  psychological  effect.  The  aim  is  to  overwhelm 
the  enemy  and  destroy  his  morale,  hence,  his 
willingness  to  resist.  The  warfare  functions  of 
this  concept  of  operations  may  bo  assigned  to 
the  main  fore.e  and  the  screening  force  as 
follows: 


Main  Force 

•  Force  C'*l  & 

Surveillance 

•  Air  Superiority 

•  Strike  Warfare 

•  Force  Defense 

•  Amphibious 

Warfare 

^  Force  l.ogislics 


Screening  Force 


•  Local  Area 

Reconnaissance 

•  Screening  and  Probing 

•  Deception.  Diversion, 

Countermeasures 

•  Dispersed  .AAW,  .ASW. 

ASUW 

•  Mine  haying  and 

Countermeasures 

•  Special  Operations 

•  Combat  Search  and 
Rescue 
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To  derive  a  future  force  structure  requires 
assigning  these  force  functions  to  ship  plat¬ 
forms,  an  exercise  that  can  begin  with  the  ex¬ 
isting  force  structure  and  evolve  into  future 
concepts.  Within  the  main  force,  we  can  assign 
the  role  of  force  surveillance,  air  superiority, 
strike  warfare,  and  force  defense  to  the  aircraft 
carrier  and  its  embarked  air  wing.  The  need 
for  high  performance,  manned  aircraft  to  carry 
out  these  missions  will  very  likely  continue 
well  into  the  next  century  with  a  CVN-type 
ship,  probably  improved  in  signature  reduction 
and  survivability,  as  the  combat-proven  plat¬ 
form.  Assisting  in  the  strike  warfare  and  force 
defense  tasks  is  the  battle  force  combatant,  a 
multimission,  aviation-capable  ship  that  com¬ 
plements  the  carrier  by  providing  dispersed 
strike  and  defense-in-depth  capabilities  to  the 
main  force.  A  conceptual  view  of  the  future 
battle  force  combatant  is  shown  in  Figure  2.  Its 
salient  features  are  smooth  topsides,  a 
multifunctional  conformal  antenna  array,  an 
open-ocean  ASW  suite,  an  integrated  hard- 
kill/soft-kill  self-defense  system,  and  increased 
ship  survi\ability  features. 


A  new  ship  type  assigned  to  perform  the 
main  force  functions  of  amphibious  warfare 
and  force  logistics,  and  to  assist  in  force 
defense  and  strike  warfare,  is  the  sea  control 
ship.  The  sea  control  ship  can  be  configured 
alternatively  as  an  amphibious  assault  aviation 
ship,  a  sea  control  ship  for  antisubmarine  war¬ 
fare,  a  command  and  fire  support  ship,  or,  with 
the  well  deck  replaced  by  bunkers,  a  combat 
logistics  ship.  As  depicted  in  Figure  3,  the  sea 
control  ship  is  characterized  by  an  angled  jump 
flight  deck,  an  amphibious  well  deck,  and  a 
multimission  combat  suite.  Its  primary  charac¬ 
teristic  is  the  capability  to  support  STOVL  (short 
takeoff,  vertical  landing)  aircraft  for  amphibious 
operations,  ASW  sea  control,  or  combat 
logistics  support.  It  can  also  carry  a  wide  ranging 
payload  of  smaller  scout-fighter  vehicles,  such 
as  mine  countermeasures  craft,  coastal  patrol 
boats,  helicoptors,  or  mini-submarines  that  can 
operate  from  either  the  flight  deck  or  the  well 
deck.  In  addition,  different  weapon  loads  can 
be  accommodated  by  varying  the  loadout  of  the 
vertical  launch  system  magazine. 


•  .Multimission  battle  force  combatant, 
10,000  T 

—  Dispersed  Strike 

-  Force  AAW,  ASW,  ASUW 

—  Independent  Ops,  Special  Ops 

•  Aviation  capable 

—  OTH  surveillance,  classification, 
localization,  attack 

-  Helo,  UAV,  AlC 

—  Air  Intercept  Control 
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Figure  3.  Sea  control  ship. 


•  Functional  replacement  for  LHD,  LHA, 
BB,  LCC,  AOE,  CVS;  40,000  T 

•  Modular  payload,  ski-jump  flight  deck, 
well  deck 

-  STOVL,  helos,  UAVs 

—  LCAC,  SES,  MCM,  UUV,  Deception 
vehicles 

•  Multimission 

-  AMW,  ASW,  STK,  C&C,  LOG 


The  operational  concept  for  the  screening 
force  requires  ship  types  designed  for  single¬ 
purpose  missions  in  areas  of  high  risk  and 
variable  environmental  conditions.  This  dif¬ 
ficult  problem  has  traditionally  been  solved  by 
using  small,  special  purpose  ships  and  craft. 
Minesweepers,  coastal  patrol  craft,  and  landing 
craft  are  examples.  The  limitation  on  these 
small  craft  has  always  been  availability  when 
and  where  needed.  Their  short-legged 
endurance  and  inherent  seakeeping  limitations 
have  usually  limited  their  use  by  the  U.S.  in 
overseas  operations. 

The  mother  ship  concept  solves  this  problem 
and  expands  the  types  of  vehicles  which  can  be 
carried.  It  embarks  the  scout-fighters  in  a  well 
deck  or  hangar  where  they  are  safely  stowed 
until  near  the  theater  of  operations.  During 
open  ocean  transits,  the  mother  ship  remains 
under  the  defense  of  the  main  force.  While 
transiting,  it  may  use  its  payload  as  a  deception 
force  or  to  assist  in  antisubmarine  warfare. 

It  is  in  the  operational  area,  however,  that  the 
mother  ship  and  its  scout-fighters  really  begin 


to  function.  There,  the  scout-fight  i  s  are 
deployed  to  expand  the  screen  to  j  ■  ther 
intelligence,  probe  for  gaps  and  vu*  ^erabilities 
in  enemy  defenses,  disrupt  his  time  nes,  and 
deceive  him  into  making  maldeployn  >'nts.  This 
is  maneuver  warfare  doctrine  designe  '  to  out¬ 
pace  the  enemy,  stretch  out  and  imbalance  his 
forces,  thereby  creating  opportunities  for 
decisive  strikes  by  the  main  force.  Oper.'tion- 
ally.  scout-fighters  may  also  be  used  to  lay 
mines,  insert  and  extract  special  warfare 
forces,  and  perform  shallow-water  antisub¬ 
marine  warfare.  The  mother  ship  is  limited 
only  by  the  type  of  scout-fighter  vehicle 
available  as  the  modular  payload.  Figure  4 
shows  a  conceptual  rendering  of  the  mother 
ship. 

The  scout-fighter  vehicles  are  key  to  the 
screening  force  concept.  They  are  single¬ 
mission  platforms  which  rely  on  their  small 
size,  stealthy  features,  and  flexibility  in  opera¬ 
tions  (e.g.,  shallow  draft,  high  speed, 
maneuverability),  both  to  avoid  contact  with  the 
enemy  and  to  countermeasure  his  weapons. 
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•  Functional  replac.emont  tor  LPD,  LSD,  LST. 
LKA,  AS,  AD,  AR;  20,000  T 

•  ,\Ioclular  payload  for  flight  deck,  well  deck 

—  .Manned  or  autonomous  air,  surface, 
sub-surface  vehicles:  5-500  T 

—  \’ans.  plug-in  modules/PCs,  RO-RO 

•  Tailored  mission 

—  Force  deception,  MCM,  shallow-water 
.•\S\V,  NSW.  NFS,  maintenance  and 
repair 


Figure  4.  Conceptual  mother  ship. 


I'hey  are  heavily  oriented  toward  offensive  mis¬ 
sions  and  surveillance,  having  only  a  minimum 
self-defense  weapon  suite.  They  are  constructed 
as  simply  and  inexpensively  as  possible  so  as  to 
be  affordable  in  the  numbers  needed  to  be  ef¬ 
fective  and  to  minimize  the  political  risk  should 
one  be  lost. 

A  scout-fighter  may  take  many  forms,  as  il¬ 
lustrated  in  Figure  5— a  helicopter,  surface 
craft,  mini-submarine,  or  autonomous  vehicle. 

It  can  be  as  large  as  an  ASW  corvette,  in 
which  case  it  would  operate  from  alongside  the 
mother  ship  and  under  its  control,  or  as  small 
as  a  remotely  piloted  vehicle.  It  should  be 
modular  enough  to  operate  from  the  mother 
ship,  but  not  so  constrained  by  its  own  support 
systems  that  it  cannot  be  replaced  in  toto  as 
new  technology  models  become  available.  Ideal¬ 
ly.  it  will  have  the  flexibility  of  a  helicopter  and 
the  maintenance  requirements  of  a  patrol  boat. 
The  mother  ship-scout  fighter  concept  also  of¬ 
fers  a  way  to  transition  to  autonomous  vehicles 
in  future  air,  surface,  and  subsurface 
applications. 


To  be  practical,  the  future  force  structure 
outlined  above  must  be  affordable  and  it  must 
be  realizable  from  today's  Navy.  It  must  also 
provide  a  balanced  and  effective  deployment 
strategy  for  peacetime  and  wartime  contingen¬ 
cies.  The  deployment  scheme  shown  in  Figure 
6  satisfies  these  requirements  and  can  be 
achieved  with  10  to  12  carrier  battle  groups 
and  6  to  8  sea  control  groups.  This  scheme 
supports  a  global,  three-ocean  strategy  with 
four  three-carrier  battle  forces  available  in  the 
Atlantic/Mediterranean,  the  Pacific/Indian 
Ocean,  and  the  option  of  deploying  a  carrier  or 
sea  control  group  to  the  southern  hemisphere. 
In  peacetime,  a  normal  one-in-three  deployment 
schedule  can  be  maintained  in  these  areas  to 
provide  naval  presence  and  crisis  response, 
while  allowing  for  meaningful  training  in  the 
operational  theater.  The  sea  control  ships  could 
be  deployed  to  areas  under  U.S.  or  allied  air 
control  such  as  the  Greenland-lceland-Norway 
gap,  off  lapan  and  the  Philippine  Islands,  and 
in  the  Mediterranean,  to  train  in  antisubmarine 
operations.  They  could  also  be  used  in  certain 
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regional  and  low-intensity  conflict  roles  cur¬ 
rently  filled  by  aircraft  carriers  and  battleships 
which  will  likely  be  retired  as  we  transition  to 
a  smaller  Navy. 

As  one  addresses  the  affordability  of  these 
changes  in  force  structure,  sea  control  ships 
are  envisioned  as  modern,  flexible  ships  that 
would  be  manned  with  much  smaller  crews 
and  require  fewer  escort  ships.  They  could  be 
produced  at  about  half  the  cost  of  an  aircraft 
carrier:  therefore,  they  represent  a  net  reduc¬ 
tion  in  both  outlay  and  operating  expenditures 
compared  to  the  ships  they  would  replace. 
Likewise,  if  each  of  the  10  to  12  carrier  battle 
groups  were  complemented  by  a  mother  ship 
and  its  embarked  scout-fighters,  a  fleet-wide 
screening  capability  would  be  available  at  less 
cost  and  greater  flexibility  than  an  equivalent 
number  of  surface  combatants.  This  would 
bring  the  screening  force  capability  to  battle 
force  operations  where  the  tactics  can  be 
developed  to  make  this  concept  fully  effective. 

Summary 

In  summary,  we  are  witnessing  profound 
change  in  the  world  on  virtually  every  front.  In 
this  uncertain  time,  political  instability  could 
easily  spill  over  into  armed  conflict.  The  U.S. 
Navy  will  be  relied  on  increasingly  as  an 
instrument  of  foreign  policy  to  carry  out  its 
peacetime  presence  mission  and  to  help  control 
crisis  situations.  This  role  demands  flexible  and 
adaptable  naval  forces,  available  worldwide  on 
short  notice,  to  join  with  our  allies  in  pre¬ 
serving  the  peace. 

National  priorities  and  fiscal  realities  will 
force  reduction  in  the  U.S.  defense  budget  in 
the  years  ahead.  VVe  should  therefore  make  a 
conscious  effort  to  invest  a  portion  of  our 


acquisition  dollars  in  a  naval  force  structure 
that  will  specifically  address  the  lower  end  of 
the  spectrum  of  conflict.  Low-intensity  conflict, 
support  of  friendly  Third  World  governments, 
drug  interdiction,  evacuation  of  nationals,  and 
similar  events  can  be  effectively  and  efficiently 
handled  by  ships  such  as  the  sea-control  ship 
and  the  mother  ship-scout  fighter  combination. 
These  ships  offer  great  flexibility  at  lower  risk 
and  cost  and  would  restore  needed  balance  to 
our  naval  force  structure. 
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System  Challenges  of  Technology 
Transition 

Thurman  C.  Henderson 


Keeping  fleet  ivar/ighting  copabiJities  ahead  of  threat 
technology  in  a  rapidly  changing  world  is  a  significant  challenge. 
For  this  reason,  the  Center  is  involved  in  several  long-range 
planning  efforts  to  determine  needs  and  formulate  concepts  for 
future  naval  surface  combatant  combat  systems.  The  Center  is 
exploring  long-range  technology  and  weapon  trends,  critical 
technology  clusters,  and  system  development  approaches  which 
can  position  the  Navy  to  meet  the  challenges  of  the  future.  One 
such  initiafii'e  is  the  AEGIS  Combat  System  Round  Table.  This 
effort  is  using  AEGIS  in-house  and  industry  team  expertise, 
systems  engineering  approach,  and  lessons  learned  to  project 
needs  and  formulate  system  concepts  for  the  future. 


Introduction 

Rapid  technology  advances,  coupled  with  the  proliferation  of  modern 
weapon  systems  throughout  developing  and  third  world  countries,  will 
greatly  impact  the  nature  and  level  of  capabilities  required  in  future  naval 
systems.  Stealth,  stressful  target  kinematics,  extremes  in  attack  profiles, 
sophisticated  multimode  guidance,  and  "smart”  countermeasures  are  but  a 
few  of  the  weapon  features  which  technology  advances  are  already  foster¬ 
ing  and  will  continue  to  accelerate.  A  better  understanding  of  technologies 
and  their  potential  impacts  on  future  systems  and  military  operations  is 
required  to  position  the  Navy  to  meet  its  future  needs.  The  AEGIS  Combat 
System  Round  Table  effort  enables  us  to  better  understand  and  project 
those  needs  and  the  required  characteristics  of  future  naval  surface  com¬ 
batants  and  forces. 

The  David  Taylor  Research  Center  (DTRC)  initiated  an  effort  almost  three 
years  ago  to  identify  critical  hull,  mechanical  and  electrical  (HM&E) 
technology  clusters,  advanced  warship  concepts,  and  future  force  opera¬ 
tional  concepts.'  The  AEGIS  Combat  System  Round  Table,  which  was 
initiated  by  the  Technical  Director,  AEGIS  Shipbuilding  Program,  in  the 
spring  of  1990.  is  patterned  after  the  DTRC  process.  The  Round  Table 
draws  from  the  experience  of  the  AEGIS  in-house  and  industry  engineering 
team,  supported  by  participants  from  the  research  and  development  com¬ 
munity,  to  identify  weapon  technology  trends,  critical  technology  clusters, 
and  combat  system  concepts  to  complement  the  DTRC  studies  and  establish 
a  direction  for  future  Navy  surface  combatants.  An  increasingly  far-term 
perspective  is  being  forced  upon  those  who  are  involved  in  weapon  system 
research  and  development  activity  because  of  the  very  rapid  rate  and 
breadth  of  technology  advances  and  the  long  development  lead  time  and 
operational  life  span  of  major  naval  systems. 

The  Basic  Problem 

The  basic  problem  is  twofold.  First,  the  challenge  is  to  look  into  an  uncer¬ 
tain  future,  project  the  types  and  characteristics  of  forces  which  may  be 
required,  and  then  to  identify  the  actions  that  must  be  taken  to  position  the 
Navy  to  meet  the  envisioned  future  needs.  Some  progress  has  been  made  in 
this  area  already  by  the  DTRC  and  AEGIS  Round  Table,  and  further  effort 
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is  planned.  A  second  aspect,  which  is  a  linger¬ 
ing  problem  in  all  military  systems,  is  to  find 
better  ways  to  keep  forces  combat-capable,  at 
an  affordable  cost,  when  threat-driven  perfor¬ 
mance  requirements  change  much  more  fre¬ 
quently  than  the  replacement  interval  for 
systems. 

Significant  threat  changes  can  occur  rather 
quickly  within  a  10  to  15  year  period  or  less, 
even  though  the  life  span  of  major  surface  com¬ 
batants  and  systems  is  much  longer.  Develop¬ 
ment  of  a  new  system  typically  takes  12  to  15 
years,  followed  by  an  additional  30  to  40  years 
of  service  life  (with  perhaps  a  mid-life 
upgrade).  The  challenge  continues  to  be  to  find 
affordable  technological  and  programmatic 
means  to  keep  forces  combat-capable  during 
the  development,  procurement,  and  service  life 
of  individual  units  and  systems. 

Building  on  Past  Achievements 

Several  steps  have  been  taken  in  the  AEGIS 
Program  to  stay  ahead  of  the  threat  and  chang¬ 
ing  operational  needs.  One  significant  step  has 
been  to  rely  heavily  on  key  performance  factors 
to  assess  potential  changes  and  focus  the 
developments— both  to  drive  new  combat 
system  baseline  designs  and  to  judge  potential 
backfit  upgrades  to  operational  baselines.  The 
objective  is  to  enhance  and  preserve  system 
performance  as  embodied  in  the  quantitative 
performance  factors.  A  qualitative  statement  of 
the  performance  factors  may  be  expressed  as: 

•  Reaction  Time— target  detection  to  weapon 
motion 

•  Firepower -number  of  weapoiis  per  unit  time 

•  Electronic  Countermeasures  and 
Environmental  Resistance  -  effective  multi¬ 
warfare  capability  in  countermeasures  and 
severe  natural  environments 

•  Continuous  Availability— sustainability, 
graceful  degradation;  automatic  error 
detection  and  recovery,  automatic  fault 
detection  and  isolation 

•  Coverage— effective  detection  and  engage¬ 
ment  volume  (out,  up,  down),  depth 

of  fire. 

Another  step  taken  by  the  AEGIS  Program 
involves  engineering  forward-fit  ship  and  com¬ 
bat  system  changes  for  new  construction  ships 
in  planned  periodic  upgrades.  Advances  in  ship 
HM&E  over  the  years  have  been  incorporated 
in  several  specific  ship  hull  configurations,  and 
the  combat  system  has  been  engineered  and 
built  in  combat  system  baselines.  This  approach 
allows  new  technologies  and  performance 
capabilities  to  be  incorporated  into  forward-fit 


ships  in  a  timely  manner,  while  also  allowing 
strict  system  engineering  control  to  be  main¬ 
tained.  Examples  of  new  capabilities  which 
have  been  incorporated  include  ship  and  com¬ 
bat  system  shock  modifications,  introduction  of 
the  Vertical  Launching  System  (VLS),  and 
introduction  of  new  computers. 

This  approach  to  date  has  resulted  in  multi¬ 
ple  hull  configurations  and  six  AEGIS  combat 
system  baselines.  Four  of  the  baselines  are 
operational,  the  fifth  is  in  development,  and  a 
sixth  is  under  consideration.  Figure  1  shows 
the  first  AEGIS  ship,  the  CG-47  Ticonderoga- 
class  cruiser,  and  major  systems  and  elements 
which  constitute  the  Baseline  1  Combat  System 
of  the  ship.  The  multiwarfare-capable  combat 
system  is  built  around  the  AEGIS  Weapon 
System  Mark  7.  Figure  ii  shows  some  of  the 
major  warfighting  enhancements  already 
implemented  or  under  way  in  the  forward-fit 
baselines.  Changes  have  been  made  in  all 
warfare  areas  in  order  to  keep  the  combat 
system  capable  against  threat  growth  and  other 
changes  in  operational  need  over  the  long  dura¬ 
tion  of  the  progidm. 

As  shown  in  Figure  2,  when  a  capability  is 
introduced  in  a  new  construction  baseline,  that 
capability  is  then  incorporated  in  subsequent 
baselines.  For  example,  the  Mk  26  rail  missile 
launcher  of  Baseline  1  was  replaced  by  the  VLS 
in  Baseline  2  and  in  all  subsequent  baselines. 
Similarly,  the  SPY-IA  radar  was  upgraded  to 
the  SPY-IB  in  Baseline  3  and  to  the  SPY-IB(V) 
in  Baseline  4  cruisers.  A  variant  of  the 
SPY-1  B(V),  the  SPY-ID,  was  developed  for 
Baseline  4  and  follow-on  destroyers  to  accom¬ 
modate  the  single  deckhouse  of  the  destroyer 
class.  The  SPY-1  Engineering  Development 
Model  IEDM-4B)  capability  is  under  develop¬ 
ment  for  Baseline  6.  Similarly,  major  advances 
in  antisubmarine  warfare  and  other  areas  of 
the  combat  system  have  been  incorporated  into 
the  baselines  over  time. 

In  making  forward-fit  upgrades  to  keep  new 
construction  ships  combat-capable,  the  AEGIS 
Program  has  taken  steps  to  ease  potential 
future  backfit  upgrades  in  older  AEGIS  ships. 
The  fact  that  each  combat  system  baseline  is 
built  upon  the  preceding  baseline  helps;  but 
beyond  that,  the  AEGIS  Program  has  also  taken 
other  steps  in  the  forward-fit  developments  to 
preserve  backward  compatibility  with  earlier 
baselines.  The  approach  which  has  been  used 
allows  substantial  commonality  in  system  com¬ 
puter  programs  and  eases  potential  backfit  of 
selected  performance  features  from  more  recent 
baselines  into  earlier  baselines.  The  system 
design  and  computer  program  capture  is  not  an 
inconsequential  benefit  in  a  highly  automated. 
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Figure  1.  AEGIS  ship  combat  system. 


complex,  computer-intensive  system  like 
■AEGIS.  Figure  3  shows  the  size  of  the  Baseline 
1  tactical  computer  programs  (excluding  several 
million  additional  lines  of  code  for  the  Opera¬ 
tional  Readiness  Test  System  and  AEGIS 
Display  System  data  bases)  and  the  incremental 
increases  in  tactical  computer  code  which  have 
been  added  to  accommodate  subsequent 
baseline  upgrades  through  Baseline  4.  As 
previously  indicated,  many  of  the  major 
changes  in  the  baselines  are  shown  in  Figure  2, 
but  many  other  smaller  changes  are  not 
reflected  here. 

A  rather  modest  increase  in  new  computer 
code  was  required  to  implement  Baselines  1 
through  3.  More  substantial  performance 
enhancements  were  added  between  Baselines  3 
and  4,  since  the  transition  to  the  more  capable 
18  UYK-43  and  UYK-44  computers  could  accom¬ 
modate  the  level  of  change  required.  The 
common  “superset”  design  for  Baseline  4 
cruisers  and  destroyers  positioned  both  ship 
classes  to  potentially  capture  upgrades  in 
follow-on  baseline  developments.  For  example. 


the  planned  SM-2  Block  IV  capability  of 
Baseline  5  can  readily  be  backfitted  into  all 
Baseline  4  ships.  Similarly,  Baseline  2  and  3 
ships  can  capture  much  of  the  design,  com¬ 
puter  programs,  and  combat  system  perfor¬ 
mance  from  Baseline  4  (including  SM-2  Block 
IV  capability)  if  selected  equipment  such  as 
UYK-43  computers  and  UYQ-21  display  con¬ 
soles  are  backfitted  into  the  Baseline  2  and  3 
ships.  The  future  backfit  plans  for  AEGIS  ships 
are  contained  in  the  Ticonderoga  (CG-47)  Class 
Warfighting  Improvement  Plan.^  The  extent  to 
which  this  plan  is  executed  will  depend  on 
budget  considerations  and  other  factors. 


Future  Opportunity 

The  Round  Table  studies  to  date  suggest  that 
U.S.  tpehnolnoy  adv,->nces  will  allow  systems  to 
stay  ahead  of  the  projected  threat,  and  further, 
that  systems  can  be  developed  to  defeat  the 
technological  threat  out  to  the  present  visible 
horizon  (about  2010).  No  revolutionary  depar- 
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tures  in  sensor  and  weapon  types  and  force 
operations  appear  to  be  mandatory.  Radars, 
missiles,  force  organic  air  capability,  sonars, 
and  the  like  are  expected  to  continue  to  be 
core-required  capabilities  even  out  to  the  2030 
time  frame,  but  the  operational  characteristics 
and  performance  capabilities  of  the  advanced 
systems  will  be  substantially  different  from 
present  systems.  New  capabilities  such  as 
directed-energy,  self-defense  weapons  may  also 
begin  to  appear  in  the  surface  forces  by  about 
2010.  but  these  systems  are  expected  to  have 
very  limited  applicability  for  many  years  after 
their  initial  introduction. 

Building  technologically  advanced  systems  to 
defeat  the  threat  and  satisfy  other  operational 
objectives  appears  to  be  feasible.  Transitioning 
that  capability  in  quantity  into  the  fleet  in  a 
cost-effective  manner  remains  a  major 
engineering  and  program  management 
challenge.  Lessons  learned  need  to  be  applied, 
and  innovative  means  need  to  be  found.  The 
challenge  will  not  soon  disappear  in  this  era  of 


rapid  technology  advances.  The  problem  is  well 
recognized,  however,  and  a  number  of  ideas 
are  being  assessed  and  formulated  in  ongoing 
studies  like  the  DTRC  and  AEGIS  Round  Table 
efforts.  The  ideas  include  moving  toward  an 
open  combat  system  architecture  to  more 
readily  accommodate  change  in  all  dimensions, 
including  command  and  control,  weapon 
systems,  and  communication  systems.  Substan¬ 
tial  technology  advances  are  being  made  in 
distributed  high-capacity  processors,  bus  inter¬ 
connection  systems,  and  smart  display- 
workstations  which  could  support  such  an 
architecture.  One  of  many  notional  concepts  at 
the  pictorial  level  in  this  area  is  shown  in 
Figure  4.^ 

Benefits  could  also  be  realized  by  placing 
greater  reliance  on  long-range  forecasting  and 
greater  focus  on  designing  to  technologically 
feasible,  rather  than  projected  near-term  (5  to 
10  year  future  threats).  Because  of  the  long 
development  and  operational  life  span  of 
systems,  some  level  of  performance  margin— 


Figure  2.  AEGIS  combat  system  baselines. 
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Figure  3.  Computer  program  code 
active  in  AEGIS. 


tjdlanced  by  affordability— needs  to  be  incor¬ 
porated  into  initial  future-system  designs. 

Fewer  surface  combatants  of  higher  quality 
with  enhanced  organic  aircraft  capability  may 


offer  the  most  attractive  approach  in  a  time  of 
reduced  budgets.  The  quality  is  required  to 
survive  in  the  expected  difficult  multivvarfare 
threat  environments,  and  fewer  units  might 
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Figure  4.  Notional  combat  system  structure. 
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allow  more  substantial  periodic  upgrades  to 
keep  systems  more  combat-capable.  There  are 
numerous  other  benefits  including  ability  to 
place  significant  ordnance  ashore,  to  operate 
wfithout  replenishment  for  long  periods  of  time, 
and  to  tolerate  war  damage. 

Netting  units  together  with  high-capacity, 
jam-resistant  data  links  so  that  older  units  can 
more  fully  benefit  from  more  effective  sensor 
and  weapon  capabilities  in  newer  force  units 
also  has  appeal.  The  Cooperative  Engagement 
Capability  has  demonstrated  potential  in  this 
area,  and  additional  possibilities  exist  as  pro¬ 
gress  continues  to  be  made  in  airborne  and 
remote  underwater  sensor  and  weapon  systems. 

Conclusions 

Technology  transition  into  fleet  systems  in  a 
manner  which  will  keep  them  combat-capable 
in  an  era  of  rapidly  evolving  operational  needs 
remains  a  critical  challenge.  Applying  lessons 
learned  and  focusing  on  long-term  trends, 
needs,  and  concepts  are  mandatory  if 
successful  strategies  and  approaches  are  to 
achieve  this  challenging  and  complex  goal. 
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Objectives,  Principles,  and  Attributes: 
A  Structured  Approach  to  Systems 
Engineering 

David  K.  Kraidcr  and  Hichard  E.  iVonce 


The  complexily  of  modern  systems  nnd  the  aixelerotion  of 
fechnologiccd  odvancements  ivith  their  insertion  into  engineering 
applications  are  a  feiv  of  a  multitude  of  factors  requiring  o 
disciplined  systems  engineering  approach  to  naval  system 
development.  A  ‘'10101”  systems  engineering  perspective  on  na\  al 
systems  development  Is  the  challenge  of  the  future.  This  perspei:- 
tire  requires  the  engineering  community  to  evolve  from  the 
prevalent  “commodity  vieupoint"  to  a  more  comprehensive 
system  engineering  structure.  The  objective,  principle,  and 
attribute  (OPA)  concept  provides  a  formalized  approach  to  struc¬ 
turing  sr  stems  engineering  efforts,  and  In  developing  and 
evaluating  tools  and  methodologies  to  support  the  er  olution  to 
this  systems  engineering  structure. 

The  classical  systems  engineering  approach  uppropriotelv 
focuses  on  defining  needs  loperational  requirements),  under- 
standing  the  interrelationships  of  these  needs,  and  deeeloping  a 
system  to  satisfy  these  needs.  The  OP:\  concept  broadens  this 
fo(  us  by  providing  an  infrastructure  for  a  more  structured 
approach  to  development  and  ewiuation  of  tools  and 
methodologies.  The  OPA  approach  is  based  on  the  concept  of 
relating  objectives  Ihigh-leiel  requirements),  principles  (use  of 
fundamentals,  e.g..  functional  decomposition!  and  attributes 
(desired  technicol  performance  charactc'ri.slics).  In  addition,  it 
providi's  a  means  of  relating  systems  engineering  efforts  nnd 
promoting  increased  understanding  of  s>  stccms  engineering  and 
its  relationship  to  other  disciplines.  .A  direct  con.sequtmce  of  this 
increased  understanding  is  an  improvement  in  the  application  of 
the  systems  engineering  process. 


Introduction 

K;q)id  technology  advancement,  accompanied  by  expectations  of  more 
capable  and  complex  system.s,  are  forcing  a  “total  system"  perspective  on 
naval  engineers.  The  autonomous  development  of  combat  system  elements 
can  no  longer  be  accepted;  each  element  must  be  created  as  a  system  func¬ 
tioning  within  a  hierarchy  of  systems.  This  mandatory  refocus  from  a 
(credominantly  "commodity  viewpoint"  to  that  of  a  more  comprehensive 
systems  engineering  viewpoint  represents  a  major  challenge. 

Such  a  challenge  can  be  met  successfully  with  systems  engineering 
methodologies,  tools,  and  training  programs  integrated  into  a  structured 
environment  facilitating  the  application  of  the  systems  engineering  process. 
Providing  the  guiding  framework  of  the  systems  engineering  process,  sup¬ 
ported  only  by  independently  developed,  nonintegrated  tools  and  methods 
to  aid  the  engineering  community,  is  inadequate.  A  promising  concept  to 
support  this  future  evolution  is  the  objectives,  principles,  and  attributes 
framework  applied  within  the  systems  engineering  process. 

The  primary  objective  of  this  article  is  to  propose  the  OPA  framework  as 
a  means  for  structuring,  understanding,  and  guiding  systems  engineering 
activities  within  the  naval  system  development  process.  A  secondary 
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objective  is  to  define  how  concepts  advanced  in 
the  OPA  framework  can  facilitate  the  systems 
engineering  process  by  providing  a  means  of 
developing,  evaluating,  and  selecting  tools  to 
support  the  process. 

What  Is  Systems  Engineering? 

While  no  definition  of  systems  engineering  is 
universally  accepted,  the  scope  and  goals  of 
systems  engineering  are  easily  understood. 
Within  this  article,  systems  engineering  is  con¬ 
sidered  to  be  "a  logical  sequence  of  activities 
and  decisions  transforming  an  operational  need 
into  a  description  of  system  performance 
parameters  and  a  preferred  system  configura¬ 
tion."'  .A  more  comprehensive  definition  of 
sy  stems  engineering  is  "the  application  of 
scientific  and  engineering  efforts  to  (a) 
transform  an  operational  need  into  a  descrip¬ 
tion  of  system  performance  parameters  and  a 
svstem  configuration  through  the  use  of  an 
ilerati\(i  process  of  definition,  synthesis, 
anahsis.  design,  test,  and  evaluation;  (b) 
integrate  related  technical  parameters  and 
ensure  compatibility  of  all  physical,  functional, 
and  program  interfaces  in  a  manner  that 
optimizes  the  total  system  definition  and 
design,  rind  (c|  integrati*  reliability,  main¬ 
tainability,  safetv,  stirviv ability,  human  factors 
and  other  such  lactors  into  the  total  engin¬ 
eering  effort  to  meet  cost,  schedule,  and 
leclinic:al  performance  objectives.”-  ' 

Several  key  com.ejits  of  systems  engineering, 
rellected  not  only  in  these  definitions  but 
tiirougbout  svstems  engineering  literature, 
warrant  further  emphasis.  These  concepts 
include: 

•  Svsiems  engineering  emphasizes  glolial 
optimization  over  local  subsystem  or 
component  optimization. 

•  I’he  systems  engineering  process 
transforms  a  user's  need  into 
requirements,  specifications,  and  a 
preterred  system  configuration  to  satisfy 
that  need, 

•  Systems  engineering  adopts  a  total  life 
cycle  perspective, 

•  Systems  engineering  is  an  iterative  process. 

•  .Systems  engineering  is  interdisciphnary  in 
nature. 

The  systems  engineering  process  is  often 
described  in  terms  of  phases,  activities,  and 
areas  of  knowledge,  as  shown  in  Table  1.  In 
addition,  the  process  is  often  graphically 
represented  through  waterfall  charts  or  axis 
diagrams  such  as  Hall's  morphology.  While 
differences  in  terminology  and  categorization 
of  the  phases  and  activities  exist,  in  general, 
each  representation  addresses  the  same  phase 
and  activity  areas.'* 


In  application  of  the  systems  engineering 
process,  the  early  phases  define  the  high-level 
objectives,  requirements,  and  functions  for  the 
system  being  developed.  The  systems  engineer 
coordinates  and  integrates  the  interdisciplinary 
efforts  to  transform  these  high-level 
requirements  into  more  detailed  requirements 
and  specifications.  Continuing  in  an  iterative 
process,  the  requirements  and  specifications 
are  eventually  transformed  into  a  system  defini¬ 
tion,  design,  and  a  preferred  system  configura¬ 
tion  to  meet  the  user's  needs. 

Naval  Systems  Engineering 

Recognizing  systems  engineering  as  an 
appropriate  approach  for  meeting  the  naval 
system  development  challenges  i.s  not  a  recent 
idea.  Systems  engineering  has  been  prevalent 
in  the  military  since  the  1940s.  *  However, 
primarily  due  to  technological  advances, 
systems  have  continually  advanced  in  size  and 
complexity.  Other  factors  also  influence  the 
advancement  of  and  need  for  systems  engineer¬ 
ing,  for  example:  increasing  development  and 
implementation  time;  increasing  development, 
training,  and  operational  costs;  decreasing 
development  and  acquisition  funding;  the  need 
for  preventing  or  avoiding  errors  or  failures  of 
earlier  development  efforts,  and  forestalling 
rapid  obsolescence  vlue  \o  technological  ad¬ 
vances.  .All  these  factors,  along  with  others  not 
listed,  are  extremely  prevalent  today. 

In  the  1950s  and  1960s,  systems  engineering 
was  conducted  primarily  at  an  equipment  level 
(radars,  missiles,  receivers,  etc.).  Within  the 
surface  Navy,  the  nature  of  system  develop¬ 
ment  at  an  equipment  level  has  reflected  a 
"commodity  perspective.”  This  implies  that 
system  elements  are  generally  developed 
independently,  then  integrated  into  the  fleet  in 
a  piecemeal  fashion.  Such  development  often 
fails  to  take  into  account  the  overall  impact  of 
programmatic  dei:isions  on  the  system,  and 
interoperability  aspects  are  often  overlooked 
altogether  These  potential  negatives  can  result 
in  system  characteristics  such  as  incompatibil¬ 
ity,  electromagnetic  interference,  undesirable 
performance  characteristics,  and  poor  reliabil¬ 
ity  and  maintainability  when  operated  in  con¬ 
junction  with  or  in  the  presence  of  other  systems. 

In  the  1970s  and  early  1980s,  systems 
engineering  efforts  became  associated  with 
weapon  systems  and  combat  systems  develop¬ 
ment  for  such  programs  as  AEGIS.  These  pro¬ 
grams  recognized  that  integrating  individual 
system  elements  into  larger  systems  could 
potentially  alleviate  shortfalls  or  improve  per¬ 
formance.  However,  this  type  of  systems 
development  within  the  surface  Navy  often 
focuses  on  “how"  to  physically  integrate 
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Table  1.  The  Systems  Engineering  Process'* 


LIFE  CYCLE  PHASE 

ACTIVITIES 

Identify  Need 

Identify  the  Need  &  Define  Problem 

Define  the  System  &  Objectives 

Define  within  Hierarchy  of  Systems 

Planning 

Program  Organization 

Logistic  &  Program  Planning  (schedule,  milestones,  etc.) 

System  Studies 

Exploratory  Studies 

Scientific  Research 

Feasibility  &  Trade-off  Studies 

Data  and  Information  Collection 

Analysis  (functional,  cost,  risk,  effectiveness,  modeling.  .  .) 

Requirements  & 
Specifications 

Define  Systems  Constraints 

Requirements  Definition 

Requirements  Synthesis 

Specification  Generation 

Design 

Architectural  Design 

Functional  and/or  Hierarchical  Decomposition 

Preliminary  &  Detailed  Design 

Reliability  &  Maintainability 

System  Selection 

System  Synthesis  &  Development 

Prototype  Construction 

Test  &  Evaluation 

Demonstration  and  Validation 

Requirements  Verification 

Testing  and  Evaluation 

Data  Collection 

Production 

Construction  &  Site  Preparation 

Quality  Control 

Distribution 

Industrial  Engineering 

Operation 

Activation  and  Logistic  Support 

Monitor  Performance 

Training 

Maintenance  &  Operation 

System  Upgrades  or  Modifications 

Phase-Out,  Recycle,  or  Disposal 

existing  systems  versus  the  need  for  overall 
reijuirements  to  be  met  by  the  integrated 
systems.  Systems  development  through  integra¬ 
tion  that  focuses  on  the  physical  connections 
continues  to  promote  development  from  a  com¬ 
modity  viewpoint.  As  a  result,  effective  integra¬ 
tion  cannot  overcome  the  .shortfalls  inherent  in 
24  development  of  individual  system  elements 
unless  focus  is  maintained  on  the  overall 
system  requirements. 

This  is  not  to  say  that  .systems  integration  is 
not  desirable.  Oue  to  development  cost  and 
acquisition  time  constraints,  naval  development 
will  continue  to  be  initiated  with  the  integra¬ 


tion  of  current  fleet  assets  as  the  basis. 
However,  systems  engineering  is  more  com¬ 
prehensive  than  system  integration  In  applying 
the  systems  engineering  process,  the  Navy 
needs  first  to  identify  fleet  needs  and  develop 
overall  requirements,  then  determine  the  best 
mix  of  systems  integration,  new  systems 
development,  and  technology  insertion  to  meet 
these  requirements.  Existing  elements  (or  sub¬ 
systems)  must  not  be  permitted  to  impose  bind¬ 
ing  constraints  on  the  total  system  capability. 
The  Space  and  Naval  Warfare  Systems 
Command  (SPAWAR),  established  in  1985. 
initiated  force  systems  engineering  to  identify 
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Navy  needs  and  requirements  for  the  future 
fleet.  SPAWAR  is  tasked  with  the  development 
and  acquisition  of  command,  control,  and 
communication  systems,  space  systems,  and 
naval  warfare  systems.  This  mission  includes 
force-level  warfare  systems  architecture  and 
engineering  (WSA&E)  to  transform  top-level 
warfare  requirements  and  architectures  into 
high-level  system  specifications.^ 

As  the  application  of  the  systems  engineering 
process  at  a  force  level  continues  to  evolve 
through  SPAWAR  WSA&E  and  other  efforts  of 
similar  nature,  progress  at  these  levels  has  been 
slowed  by  uncertainties  and  risks  inherent  with 
eftorts  in  previously  unexplored  areas,  or 
attendant  to  the  insertion  of  new  technology. 
Mahan,  Beach,  and  Betts  provide  numerous 
examples  of  how  traditions,  experience,  and 
perceptions  have  inhibited  the  willingness  to 
attempt  new  alternatives  to  warfare,  weapons, 
or  processes  within  the  naval  community.**'^' 

In  order  to  support  the  evolution  of  systems 
engineering  at  a  force,  combat,  weapon  or 
other  level,  a  means  to  structure  or  relate 
efforts  and  to  facilitate  the  systems  engineering 
process  is  needed. 

The  Need:  A  More  Formalized  Approach 

The  problem  of  how  to  improve  the  applica¬ 
tion  of  the  systems  engineering  process  does 
not  stem  from  the  lack  of  design  methodologies 
and  tools,  or  the  inadequacy  of  the  process 
itself.''  Rather,  the  problem  can  be  framed 
by  several  fundamental  questions,  among 
them: 

•  How  to  provide  more  structure  to  the 
systems  engineering  process  and  more 
discipline  to  the  activities  within  the 
process? 

•  How  to  develop,  select,  and  evaluate  tools 
and/or  methodologies  for  use  in  applying 
the  systems  engineering  process? 

•  How  to  improve  the  understanding  of, 
support  of,  and  communication  within  the 
systems  engineering  process? 

These  questions  must  be  asked  at  all  levels  of 
naval  systems  engineering,  and  during  all 
pha M'S  and  activities  of  the  systems  engineering 
process. 

Origin  of  the  OPA  Concept 

Challenged  to  evaluate  comparatively  two 
software  development  methodologies,  Arthur 
and  Nance'^  proposed  the  Objectives,  Prin¬ 
ciples.  and  Attributes  framework  in  the 
mid-1980s.  This  approach,  initiated  with  the 
distinction  of  "methodology”  from  "method"  or 
“tool,"  emanates  from  recognition  of  basic 
premises: 


Software  objectives  are  desirable  project 
level  properties.  Software  principles 
govern  the  development  process  so  that 
desirable  properties  (objectives]  can  be 
achieved  (Figure  1).  Software  attributes,  as 
a  consequence  of  the  application  of 
designated  principles,  are  induced  in  the 
products  (code  and  documentation). 


Figure  1.  The  objectives,  priciples,  and 
attribute  framework  for  software  development. 


A  more  recent  study  investigates  the  utility  of 
applying  the  OPA  concept  to  the  discipline  of 
systems  engineering,  and  concludes  that  the 
concept  appears  beneficially  applicable.”* 
Recognition  of  the  importance  of  objectives 
and  principles  is  not  new  to  systems  engi¬ 
neering  or  naval  development  approaches.  For 
example,  combat  system  architecture  (CSA) 
efforts  in  the  late  1970s  stipulated  the  iden¬ 
tification  of  high-level  requirements  as  the 
precursor  to  specifying  naval  architectures.*^ 
Such  requirements  correspond  to  objectives 
within  the  OPA  concept.  The  requirements  are 
obtained  by  implementing  specific  design  prin¬ 
ciples.  However,  the  CSA  definition  of 
"principles"  in  terms  of  design  characteristics 
falls  short  of  providing  the  necessary  process 
definition  afforded  by  the  OPA  framework. 
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The  Objectives,  Principles,  and  Attributes 
Concept 

Central  to  the  OPA  concept  is  the  premise 
that  tools  embody  methodology  principles,  and 
the  application  of  the  tools  implements  the 
principles.  Principles  correspond  to  systems 
engineering  fundamentals  or  techniques  such 
as  hierarchical  and  functional  decomposition. 
The  application  of  a  principle  governs  the 
development  process  in  a  manner  to  promote 
the  attainment  of  a  desired  objective.  Within 
naval  system  development,  objectives  (e.g., 
reliability  and  maintainability)  correspond  to 
high-level  system  goals  or  requirements  from 
which  specifications  (A-Specs)  can  be  defined. 
The  presence  of  a  tool  in  a  development 
environment  is  based  on  its  support  of  one  or 
more  principles;  but  more  important,  this 
methodology  guides  in  the  partitioning  of 
principles  among  tools  to  achieve  an  integrated 
support  environment. 

Another  OPA  premise  is  that  use  of  a 
particular  principle  induces  specific  attributes 
in  the  final  product  or  system.  Attributes  are 
desirable  characteristics  corresponding  to 
technical  performance  characteristics  in  naval 
system  development.  The  presence  or  absence 
of  attributes  is  examined  to  measure  success  in 
attaining  desired  objectives. 

One  might  contend  that  objectives,  principles, 
and  attributes  are  applied  currently  in  systems 
engineering  practice.  If  true,  the  current  im¬ 
plementation  is  poorly  defined  and  understood, 
inadequately  documented,  and  primarily 
employed  at  the  equipment  level.  For  example, 
techniques  are  available  for  designing  and 
measuring  reliability  at  an  equipment  level.  The 
objective  (reliability)  and  an  attribute  (mean- 
time-betvveen-failure)  are  readily  apparent.  The 
techniques  (principles),  while  often  not  as 
apparent,  do  exist.  What  is  missing  are  the 
well-defined  relationships.  As  a  result,  the  rela¬ 
tionships  may  not  be  adequately  comprehended 
or  exploited  to  realize  the  full  potential  benefit 
of  the  OPA  framework. 

While  the  OPA  framework  has  the  potential 
to  provide  structure  and  discipline,  the  applica¬ 
tion  raises  several  practical  concerns;’^ 

•  While  a  set  of  objectives  can  be  identified, 
this  set  might  not  be  complete,  and  addi¬ 
tions  should  be  allowed. 

•  Objectives  may  be  interdependent  (for 
example,  maintainability  may  have  an 
adverse  effect  on  reliability). 

•  Objectives  can  differ  in  importance  from 
one  application  to  another. 

•  Attributes  of  a  large,  complex  system 
might  be  evident  in  one  component,  yet 
missing  in  others. 


The  following  sections  provide  examples  that 
illustrate  and  clarify  the  extension  of  the  OPA 
framework  to  systems  engineering. 

Systems  Engineering  Objectives 

The  systems  engineering  process  can  be 
applied  at  varying  levels,  depending  on  how 
the  boundaries  of  the  target  systems  are  drawn. 
Each  level  of  application  of  systems  engi¬ 
neering,  existing  system,  or  system  being 
developed,  has  objectives.  Objectives  are 
viewed  as  invariant  with  the  level  of  applica¬ 
tion.  While  one  set  of  objectives  may  not  apply 
to  all  systems,  a  small  sub-set  of  objectives  may 
be  recognizable  in  the  majority  of  systems.  This 
set  may  depend  on  application  domain  factors 
(military,  communication,  medical,  etc.).  For 
example,  naval  combat  system  objectives  might 
include; 

•  Adaptability  -  the  anility  of  the  system  to 
accommodate  change.  Change  may  involve 
adjusting  to  changes  within  the  environ¬ 
ment,  modifications  to  meet  new  opera¬ 
tional  requirements,  or  enhancements  to 
improve  performance. 

•  Feasibility  -  operational,  technical,  and 
economic  viability. 

•  Maintainability  -  the  ability  of  the  system 
or  its  subsystems  (components)  to  be 
maintained. 

•  Capability  -  the  functional  and  operational 
capability  of  the  system  and  its  com¬ 
ponents  under  specified  conditions. 

•  Reliability  -  the  ability  of  the  system  to 
perform  in  a  satisfactory  manner  for  a 
specified  period  of  time  when  operated 
under  specified  conditions. 

•  Compatibility  -  the  ability  of  the  system  to 
be  integrated  with  or  operated  in  the 
presence  of  other  systems  without  mutual 
interference. 

•  Verifiability  -  the  ability  to  verify  that  the 
system  supports  the  naval  mission  and 
meets  its  system  requirements. 

•  Operability  -  the  ability  to  perform  as 
intended  in  an  effective  and  efficient 
manner  for  a  specified  period  of  time. 

This  list  of  objectives  is  not  to  be  considered 
all-inclusive  or  applicable  to  all  systems. 

Systems  Engineering  Principles 

Several  engineering  fundamentals  or  tech¬ 
niques  provide  the  counterparts  of  principles 
within  the  OPA  framework;  hierarchical  and 
functional  decomposition,  information  hiding, 
life-cycle  verification,  expansionism,  and  con¬ 
current  documentation  are  ready  examples. 
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Hierarchical  decomposition  refers  to  the 
hierarchical  breakdown  of  the  system  into 
subordinate  parts  (subsystems  and  com¬ 
ponents).  Functional  decomposition  first  iden¬ 
tifies  the  primary  functions  of  the  system  and 
then  progressively  breaks  these  down  into  sub¬ 
functions.*'*  Hierarchical  and  functional 
decomposition  help  assure  that  all  elements  of 
the  system  are  fully  recognized  and  defined, 
and  all  facets  of  system  development,  opera¬ 
tion,  and  support  are  adequately  covered.^ 

Information  hiding  is  a  concept  in  which  the 
components  of  the  system  “know”  only  the 
necessary  information  about  the  other  com¬ 
ponents  comprising  the  system.  System  details 
likely  to  change  are  "hidden"  inside  individual 
system  component  design.*^  This  does  not 
imply  that  the  engineers  developing  the 
individual  components  are  unaware  of  the 
"global"  system  objectives  and  the  functionality 
of  the  other  components,  but  that  the  system 
components  need  not  necessarily  be  aware  of 
the  details  of  how  other  components  provide 
their  functionality.  This  principle  is  applicable 
to  the  promotion  of  modular  design  and  adapt¬ 
ability  within  systems  since  modifications  or 
enhancements  to  one  module  or  subsystem 
have  less  impact  upon  the  entire  system  or 
other  subsystems. 

Life-cycle  verification  confirms  adherence  to 
system  requirements  throughout  the  design, 
development,  and  maintenance  of  the  system 
life  cycle.'**  It  also  involves  verifying  that  prin¬ 
ciples.  tools,  and  methodologies  are  used 
properly  throughout  the  systems  engineering 
process. 


Expansionism  involves,  and  may  be  defined 
as,  the  hierarchy  of  systems  within  the  realm  of 
systems.  As  such,  it  is  closely  related  to  or  may 
be  considered  part  of  hierarchical  decomposi¬ 
tion.  Just  as  consideration  of  the  hierarchy  of 
subsystems  or  functions  within  a  system  of  in¬ 
terest  is  important,  recognition  and  considera¬ 
tion  of  a  system’s  relationships  and  position 
within  the  hierarchy  of  systems  is  also 
important.  This  principle  aids  the  system 
engineer  in  defining  the  objectives  and 
requirements  of  the  system  of  interest  in 
relation  to  other  systems. 

The  principle  of  concurrent  documentation 
promotes  requirements  and  decision  trace- 
ability.  This  may  reduce  redundancy  in  past 
and  present  efforts,  reduce  the  probability  of 
perpetuating  previous  design  errors,  promote 
understanding  of  system  development  objec¬ 
tives,  and  ultimately  reduce  development  time 
and  cost. 


Systems  Engineering  Attributes 

Attributes  are  desirable  characteristics  of  the 
system  product.  An  attribute  may  or  may  not 
be  visible  or  quantitatively  measurable.  For 
example,  the  technical  performance 
characteristic  mean-time-between-failure  is 
generally  measurable.  However,  an  attribute 
such  as  simplicity  may  be  found  to  be  less 
formally  defined  and  more  subject  to  human 
judgment.  Examples  of  attributes  and  their 
relation  to  specific  objectives  are  provided  in 
Table  2. 


Table  2.  Systems  Engineering  Attribute  Examples 


OBJECTIVE 

PRINCIPLE 

ATTRIBUTE 

Maintainability 

Functional  Decomposition 

Accessibility 

Simplicity 

Mean-Time-between-Maintenance 

Availability 

Reliability 

Functional  Decomposition 

Redundancy 

Mean-Time-between-Failure 

Availability 

Verifiability 

Documentation 

Traceability 

Documentation  Adequacy 
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Benefits  of  the  OPA  Approach 

Applying  the  OPA  framework  within  the 
discipline  of  systems  engineering  has  three 
major  potential  benefits.  First,  it  provides  a 
means  or  structure  for  relating  the  different 
levels  of  systems  engineering  (Figure  2).  As 
efforts  move  from  an  equipment  level  toward 
the  force  level,  complexity  increases.  Re¬ 
quirements  are  to  be  developed  in  a  manner 
such  that  efforts  at  lower  levels  support  attain¬ 
ing  higher  level  objectives  (top-down 
requirements  definition). 


design  and  development.  That  is,  objectives  and 
requirements  are  defined  from  the  top  down 
and  design/implementation  occurs  from  the 
bottom  up. 

The  second  major  benefit  of  the  OPA 
framework  is  a  disciplined  procedure  for 
developing,  evaluating,  and  selecting  tools  and 
methodologies  to  support  the  application  of 
systems  engineering.  The  linkage  between 
objectives  and  principles  serves  as  the 
fundamental  basis  for  this  benefit.  Principles 
provide  the  basis  for  tool  and  methodology 
development,  and  attributes  provide  the  basis 


Figure  2.  Pyramidal  illustration  of 
the  levels  of  systems  engineering. 


Each  level  of  systems  engineering  has  objec¬ 
tives,  and  emphasis  on  particular  objectives 
may  differ  between  levels.  For  example,  it  is 
possible  for  greater  emphasis  to  be  placed  upon 
reliability  at  the  weapon  system  and  equipment 
levels  than  at  the  force  level.  At  the  former 
levels,  reliability  could  support  the  attainment 
of  objectives  receiving  greater  emphasis  at  the 
force  level  such  as  maintainability,  support- 
ability,  or  performance.  As  a  result,  a  hierarchy 
of  objective  levels  is  derived.  The  relationships 
among  objectives  at  different  levels  within  the 
hierarchy  provide  the  means  for  relating  the 
corresponding  levels  of  application  of  the 
systems  engineering  process  (Figure  3).  A 
crucial  assumption  is  that  the  achievement  of 
objectives  defined  for  the  encapsulating  system 
(highest  level)  is  based  on  synthesis  of  objec- 
28  tives  realized  in  the  embedded  systems  (lower 
levels). 

In  addition,  the  demonstration  of  linkage  in 
levels  of  application  of  the  systems  engineering 
process  aids  in  understanding  the  “total" 
systems  engineering  effort.  This  illustration 
depicts  a  top-down/bottom-up  approach  to 


for  evaluation.  For  example,  existing  tools  and 
methodologies  can  be  evaluated  to  determine 
the  principles  employed.  This  evaluation  can 
serve  as  an  indication  of  the  objectives  the 
application  seeks  to  promote.  Similarly, 
development  of  new  tools  or  methodologies 
would  be  based  on  the  principles  promoting 
the  desired  objective.  The  success  or 
“goodness”  of  the  new  tools  and  methodologies 
is  then  evaluated  by  measuring  or  evaluating 
the  attributes  present  in  the  product.  By  deter¬ 
mining  which  objective(s)  are  attained  by 
employing  a  specific  tool  or  methodology,  the 
system  engineer  is  provided  with  a  basis  for 
selection  of  tools  that  best  support  the  efficient 
and  effective  development  of  the  system  of 
interest.  Thus,  the  selection  of  the  tool  or 
methodology  is  a  function  of  the  objective 
desired  and  the  level  of  systems  engineering 
being  addressed. 

A  third  benefit  is  that  the  achievement  of 
objectives  by  use  of  specific  principles,  and  the 
measurement  of  attributes  and  principles  to 
indicate  the  attainment  of  these  objectives,  is 
easily  understood  by  engineers  and  technicians 
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^  Attributes  )  o  q  a 

mu  c 

p  i  e 

Combat  System  (  Objectives  Principles  Attributes  ^  e  e  b 

X  m  i 

f  i  e  1 

Weapon  System  (  Objectives  Principles  ^  Attributes  3  V  t  t 

s  y 

Equipment  Objectives  Principles  Attributes  )  ^  1  ^ 

Figure  3.  OPA  hierarchy. 


regardless  of  background  or  experience  level. 
The  natural  appeal  of  this  interplay  among 
objectives,  principles,  and  attributes  facilitates 
communication  and  promotes  understanding  of 
the  methodology  and  the  intended  application, 
strengths,  and  limitations  of  tools  implementing 
the  methodology.  This  aids  in  achieving  valid, 
credible  results,  A  direct  and  important  conse¬ 
quence  of  this  increased  understanding  and 
credibility  is  improvement  in  the  application  of 
the  systems  engineering  process. 

In  summary,  the  relationship  between  levels 
of  objectives  provides  structure  for  relating 
levels  of  systems  engineering.  The  linkage 
among  objectives,  principles,  and  attributes 
provides  a  disciplined  approach  to  tool 
development,  evaluation,  and  selection.  Further¬ 
more,  if  in  developing  tools  and  methodologies 
the  hierarchy  of  objectives  is  adhered  to,  the 
ability  to  integrate  tools  or  their  results  across 
the  total  systems  engineering  spectrum  should 
be  enhanced.  This  ability  to  integrate  directly 
supports  the  goal  of  establishing  an  integrated 
tool  envi’-onment  supporting  the  entire  systems 
engineering  process. 


Conclusion 

To  date,  the  discipline  of  systems  engineering 
has  primarily  provided  engineers  with  concep¬ 
tual  support  that  increases  the  probability  of 
developing  an  effective  system  to  solve  the 
right  problem.  It  is  time  to  target  more 
ambitious  goals.  Better  means  of  implementing, 
understanding,  and  relating  efforts  within  the 
systems  engineering  process  are  needed.  The 
OPA  framework  provides  an  infrastructure  to 
facilitate  the  implementation  of  the  systems 
engineering  process  and  supports  future  evolu¬ 
tion  of  the  systems  engineering  discipline.  By 
providing  a  structured  approach  for  relating 
systems  engineering  efforts  and  a  discipline  for 
integrated  tool  development  to  support  the 
system  engineer,  the  systems  engineering 
process  may  become  more  formalized  and  less 
subjective.  In  addition,  the  OPA  framework  is 
adaptable,  flexible,  and  promotes  improved 
communication  and  understanding  by  the  use 
of  consistent  terminology. 

Systems  engineering  objectives,  principles, 
and  attributes  exist  now  only  in  part,  they  are 
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only  partially  defined  and  inadequately 
understood,  and  require  further  investigation 
and  development.  To  implement  the  OPA 
framework  in  support  of  naval  or  other  com¬ 
munity  systems  engineering  efforts  requires: 

•  a  more  definitive  understanding  of  the 
systems  engineering  process, 

•  establishment  and  definition  of  an  objec¬ 
tive  hierarchy  (if  multiple  levels  of  systems 
engineering  exist), 

•  definition  of  principles  and  their  relation¬ 
ship  to  the  objectives, 

•  definition  of  desirable  systems  attributes 
related  to  the  objectives, 

•  development  of  methodologies  based  on 
the  concept  of  objectives,  principles,  and 
attributes,  from  which  the  specification  of 
tool  requirements  can  be  derived, 

•  development  of  tools  based  on 
requirements  driven  by  principles,  and 

•  integration  of  the  requisite  tools  to  pro¬ 
duce  a  system  engineering  environment 
supporting  system  development. 
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Advanced  Distributed  Processing 
Technology  and  ADMRALS 

].  Blanton 


A  generalized  methodology  for  the  analysis  and  simulation  of 
large  complex  problems  on  an  internetworked  distributed  com¬ 
puter  system  has  been  developed.  This  methodology,  the 
distributed  processing  system,  and  the  associated  network  com¬ 
munication  control  system  are  collectively  referred  to  as  ADPT 
(Advanced  Distributed  Processing  Technology).  This  approach, 
which  includes  a  highly  modular  functional  representation  of  the 
components  of  a  generic  complex  system,  has  been  applied  to 
the  development  of  a  naval  battle  force,  multiwarfare  simulation 
environment  called  ADMRALS  (Attack  and  Defense  of  Maritime 
Resources  in  Adverse  Locales  Simulation).  ADMRALS  represents 
a  collection  of  newly  developed  and  previously  existing  models 
which  operate  concurrently  and  interactively  on  the  distributed 
system.  At  present,  fleet  point  and  area  defense,  outer  air  battle, 
space-based  surveillance  and  targeting  assets,  and  some  limited 
antisubmarine  and  electronic  warfare  models  are  integrated  into 
the  system  to  provide  a  battle  force  systems  analysis  capability 
not  previously  available.  This  highly  flexible,  synergistic  simula¬ 
tion  system  can  be  used  to  conduct  weapon  system  performance 
and  e//ectiveness  analyses,  provide  value-added  studies  of  pro¬ 
posed  new  systems,  and  support  the  fleet  architecture  assessment 
process. 

This  article  describes  the  methodology  used  to  develop  this 
system  and  describes  models  currently  included.  This  work  has 
been  sponsored  primarily  by  the  Naval  Surface  War/are  Center 
(NAVSWC)  through  the  Space  and  Warfare  Systems  Command 
(SPA WAR)  Warfare  System  Architecture  and  Engineering 
fWSAS-E)  Program. 

Introduction 

Attack  and  Defense  of  Maritime  Resources  in  Adverse  Locales  is  a  force 
level,  multi-warfare  analysis  system  that  is  being  developed  in  the  Space 
and  Surface  Systems  Division,  NAVSWC.  It  represents  a  specific  applica¬ 
tion  of  a  broader  methodology  called  Advanced  Distributed  Processing 
Technology  that  is  also  evolving  at  NAVSWC. 

This  article  describes  the  basic,  underlying  concepts  associated  wdth 
ADPT  and  the  computer  science  technology  that  has  emerged  as  a  result  of 
this  work.  A  brief  overview  of  the  ADMRALS  application  and  current 
capabilities  is  then  presented. 

Underlying  ADPT  Methodology 

Figure  1  is  a  notional  representation  of  a  large  class  of  systems.  A  system 
in  this  class  consists  of  many  objects,  entities,  or  components  of  varying 
degrees  of  complexity.  These  entities  typically  interact  with  one  another 
through  a  mutually  shared  environment.  These  interactions  may  themselves 
be  complex  as  well  as  dynamic.  As  the  system  evolves,  interactions  may 
result  in  the  creation  of  new  objects  or  the  elimination  of  existing  objects. 

Analyzing  or  modeling  such  a  system  is  difficult  for  several  reasons.  True 
experts  in  detailed  nuances  generally  are  associated  only  with  specific  sub¬ 
system  components.  Therefore,  the  expertise  of  many  component  experts 
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must  somehow  be  coordinated  and  integrated 
in  any  attempt  to  understand  the  whole  system. 

Differing  analysis  needs  also  affect  modeling 
requirements.  Some  analysts  may  require 
detailed,  high  fidelity  models  at  the  component 
level.  These  detailed  models  may  be  totally  in¬ 
appropriate  for  broader,  high-level  systems 
analysis  requirements.  This  implied  need  for 
flexibility  and  interchangeability  of  models  and 
the  lack  of  global  consensus  on  the  acceptabil¬ 
ity  of  models  pose  still  more  difficulties  for  the 
system  analyst. 

Difficulties  in  analyzing  large,  complex 
systems  lead  to  software  development  prob¬ 
lems.  Computer  simulations  of  such  systems 
have  traditionally  been  implemented  as  in-line 
code  on  large  mainframe  computers.  As  the 
system  definition  changes  or  analysis  re¬ 
quirements  change,  the  code  is  modified.  These 
modifications  can  be  difficult  and  often  have 
unexpected  side  effects.  Serious  software 
maintenance  problems  can  occur  even  if  good 
software  design  standards  have  been  practiced. 

Large  mainframe  computers  are  powerful  and 
have  widespread  utility  for  many  applications. 
They  are  also  expensive  in  initial  cost,  in 
maintenance,  and  for  the  support  infrastructure 
generally  associated  with  them.  A  mainframe 
computer  also  represents  an  essentially  closed 
architecture;  expansion  of  capabilities  is 
limited.  It  is  possible  for  a  complex  systems 
analysis  application  to  outgrow  the  computer 
on  which  it  is  hosted. 

The  various  aspects  of  ADPT  help  ameliorate 
system  analysis  problems,  software  develop¬ 
ment  problems,  and  computer  architecture  con¬ 
straints.  ADPT  is  based  on  a  simple  underlying 


precept:  Large  complex  problems  can  be  made 
tractable  by  decomposing  them  into  a  finite  set 
of  generic  functions  and  associated  control 
maps.  This  philosophy  implies  that  many,  if  not 
all,  systems  and  subsystem  components  or 
objects  inherently  consist  of  a  finite  number  of 
functional  attributes  and  interconnectivities 
among  these  attributes.  If  this  is  true,  and  if 
those  functions  and  interconnectivities  (control 
maps)  can  be  generically  defined,  a  template 
can  be  developed  that  supports  systems 
analysis  and  model  development. 

As  a  first  step  toward  this  template  defini¬ 
tion,  consider  one  of  the  objects  in  the  notional 
system  of  Figure  1.  Each  object  has  a  two-way 
interaction  with  its  environment.  In  general,  it 
is  affected  by  its  environment,  and  in  turn  ex¬ 
erts  some  influence  or  effect  on  that  environ¬ 
ment.  This  interaction  is  shown  in  Figure  2, 
where  the  beginning  of  the  development  of  a 
usable  set  of  generic  functions  can  be  seen.  At 
any  instant,  environmental  influences  are 
perceived  by  the  object  through  generic  sensory 
functions.  Based  on  its  perception  of  the  en¬ 
vironment,  the  object  then  exercises  decision¬ 
making  functions.  Finally,  as  a  result  of  its 
perception  and  decisions,  the  object  executes 
some  action  which  affects  the  environment. 

The  simple,  high-level  object  decomposition 
shown  in  Figure  2  is  not  very  useful  for  the 
practical  development  of  models  for  complex 
systems.  It  does,  however,  provide  some  insight 
into  the  thought  processes  that  led  to  the 
development  of  the  more  detailed  system  of 
generic  functions  and  interconnectivities  shown 
in  Figure  3.  This  function  template  has  been 
used  in  all  current  ADPT  applications  to 
develop  models  of  systems  components  or  ob¬ 
jects.  For  most  of  these  applications  these 
objects  have  tended  to  be  platforms  such  as 
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Figure  3.  ADPT  generic  functions. 


ships,  aircraft,  or  missiles.  All  functions  are  not 
necessarily  required  in  every  model  or  for  all 
possible  applications  or  analysis  needs.  To 
date,  no  additional  function  has  been  required. 
This  functionalization  is  not  necessarily  con¬ 
sidered  to  be  unique.  For  some  problems,  it 
should  perhaps  be  modified.  However,  ex¬ 
perience  has  shown  that  it  supports  a  broad 
class  of  complex  system  analysis  applications, 
especially  those  which  include  human  or  other 
intelligent  decision-making  processes.  Any  pro¬ 
cess  inherent  in  such  a  system  can  be 
represented  by  one  of  these  generic  functions, 
and  any  object  in  such  a  system  can  be  mod¬ 
eled  through  the  combination  of  all  or  a  subset 
of  these  functions. 

From  a  software  development  perspective, 
the  generic  functions  may  be  thought  of  as 
libraries  of  algorithms  or  software  modules  of 
similar  functional  utility.  Perception  Filter  in¬ 
cludes  models  of  things  which  interface  with 
the  environment  to  obtain  information.  Correla¬ 
tion  models  integrate  information  from  various 
perception  filters.  Action  assessment  models 
provide  evaluation  of  action  previously  taken. 
Partitioning  algorithms  partition  or  segment  the 
perceived  environment.  Performance, 


Command  and  Decision,  Strategy  and 
Scheduler  are  all  models  of  intelligent  or 
decision-making  processes.  Resources  are 
models  that  count  assets  or  resources.  Object 
Control  initiates  actions.  Actuator  exerts  in¬ 
fluences  on  the  environment,  and  Navigation 
consists  of  models  which  move  objects  in  time 
and  space. 

The  lines  connecting  the  functional  blocks 
indicate  the  flow  of  information  which  must  be 
shared  among  functions.  If  the  functional  soft¬ 
ware  modules  are  designed  to  include  the 
logical  hooks  necessary  to  accommodate  inter¬ 
function  information  flow,  considerable 
advantages  can  be  realized.  By  maintaining  the 
logical  interfaces,  a  module  can  be  changed  or 
replaced  with  little  or  no  impact  on  other  parts 
of  the  code.  This  modular  design  with  carefully 
defined  interface  control  allows  a  great  deal  of 
flexibility  in  modifying  and  interchanging 
modules  for  varying  analysis  needs.  The  effects 
of  changes  are  localized.  System  models  can  be 
developed  in  a  “building  block”  fashion  and 
varying  degrees  of  model  fidelity  can  be 
supported. 

Functions  near  the  top  and  bottom  of  Figure 
3  tend  to  represent  hardware  or  models  of 
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naidwdre.  The  functions  in  the  center  of 
Figure  3  represent  the  various  aspects  of 
decision-making  processes.  In  most  traditional 
system  models,  some  or  all  of  these  decision¬ 
making  processes  are  only  implicitly  reflected 
in  the  code.  The  functionalization  shown  in 
Figure  3  includes  explicit  representation  of 
these  decision-making  processes.  Consequently, 
a  strategy  module,  for  example,  can  be  changed 
in  a  larger  model  as  easily  as  a  particular 
sensor  or  perception  filter  algorithm  can  be 
changed. 

Another  aspect  of  the  functional  decomposi¬ 
tion  of  Figure  3  is  the  existence  of  an  implied 
hierarchy  of  model  development.  Each  generic 
function  receives  information  from  other  parts 
of  the  system  (its  environment),  performs  some 
action  based  on  that  information,  and  exerts 
some  influence  on  other  parts  of  the  system.  In 
this  sense,  each  function  block  resembles  the 
generic  object  of  Figure  2.  Consequently,  each 
function  can  itself  be  broken  down  further  by 
the  same  functional  decomposition  already- 
discussed.  The  hierarchical  nature  of  this  func¬ 
tional  decomposition  allows  an  analyst  to 
conduct,  in  principle,  top-down  system 
analyses  and  model  development  by  suc¬ 
cessively  applying  the  function  decomposition 
until  any  desired  level  of  detail  is  reached. 

The  greatest  utility  of  this  functional  decom¬ 
position  is  realized  when  it  is  used  from  the 
top  down  for  system  analysis  as  well  as  for  the 
entire  software  design  and  development 
process.  Even  when  this  methodology  is  not 
used  in  the  initial  design  process,  certain 
benefits  can  often  be  obtained.  If  some  or  all  of 
the  functions  and  interconnectivities  in  Figure 
3  can  be  identified  in  an  existing  program  or 
model,  the  code  or  software  corresponding  to 
those  functions  can  be  extracted,  placed  in  the 
appropriate  generic  software  libraries,  and 
reused  for  other  applications.  In  some  cases,  if 
the  proper  object/environment  interactions  are 
present,  models  of  objects  can  be  reused  in 
their  entirety.  This  may  be  done  even  if  the 
internal  representation  of  the  object  model  does 
not  reflect  the  functional  decomposition  of 
Figure  3.  Generally,  however,  it  is  more 
appropriate  to  extract  and  reuse  parts  of 
existing  programs.  Functions  at  the  top  and 
bottom  of  Figure  3,  which  often  correspond  to 
physical  objects,  are  usually  more  readily 
identifiable  and  reusable  than  are  functions 
corresponding  to  decision-making  process. 

ADPT  Computer  Technology 

The  previous  discussion  described  a  new 
systems  analysis  and  software  engineering 
methodology.  Model  development  based  on  the 
generic  system/object  functions  of  Figure  3  is 


independent  of  target  host  computer  architec¬ 
ture.  Software  development,  modification,  and 
maintenance  advantages  will  be  obtained  with 
ADPT  whether  the  host  computer  system  is  a 
large  mainframe,  a  desktop,  or  a  distributed 
processing  network.  Because  of  the  highly 
modular  nature  of  this  approach,  models 
developed  in  this  manner  are  particularly  well 
suited  to  implementation  on  a  distributed  pro¬ 
cessing  system.  For  some  classes  of  problems, 
certain  additional  advantages  can  be  realized 
through  such  an  implementation. 

A  distributed  processing  system  is  an  open 
architecture.  The  network  may  start  with  a 
small  number  of  inexpensive  machines.  The 
computer  suite  can  then  be  expanded  as 
appropriate  for  the  problem  being  addressed. 
New  computer  technology  can  be  added 
incrementally.  Very  large  problems  may  be 
addressed  and  execution-  or  through-put  time 
reduced  through  the  use  of  concurrent  process¬ 
ing.  The  major  technological  developments  of 
ADPT  support  the  utilization  of  distributed 
systems  and  concurrent  processing. 

Concurrent  processing  can  be  defined  as  a 
number  of  synchronized  sequential  programs, 
communicating  with  one  another  and  executing 
concurrently  on  multiple  processors.  Since 
concurrent  processing  consists  of  the  execution 
of  a  number  of  sequential  programs,  all  con¬ 
siderations  for  good  sequential  program 
development  also  hold  for  the  individual  pro¬ 
grams  included  in  a  concurrent  processing 
system.  There  are,  however,  additional  impor¬ 
tant  factors  to  be  considered.  These  factors 
include  inter-prograin  commumculion  across 
the  distributed  network,  synchronization  among 
the  various  programs  or  processes,  and  the 
assignment  of  processes  to  the  various  com¬ 
puting  nodes  on  the  network.  These  issues  will 
now  be  addressed. 

The  current  ADPT  processing  suite  located  in 
NAVSWC’s  Space  and  Surface  Systems 
Division  is  shown  in  Figure  4.  This  system  was 
recently  separated  into  two  independent 
networks  to  accommodate  both  classified  and 
unclassified  operations.  Each  network  consists 
of  a  number  of  desktop  workstations,  a  com¬ 
puter  configure''  as  a  network  file  server,  and  a 
mini-super-computer.  Also  included  in  each 
network  is  a  graphics  workstation.  Not  shown 
in  Figure  4,  but  available  to  the  networks,  are  a 
number  of  detachable  hard  disk  drives  and  an 
overhead  projection  system.  The  computer 
hardware  suite,  which  uses  4.3BSD  UNIX  and 
System  V  UNIX  operating  systems,  is  intercon¬ 
nected  on  a  local  area  network  (Ethernet  IEEE 
802.3).  Message  transfers  are  accomplished 
using  Transmission  Control  Protocol/Internet 
Protocol  (TCP/IP)  and  a  specially  designed 
TCP/IP  application  interface  and  network 
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Figure  4.  Current  ADPT  network. 


communication  controller  program  called 
COMTROL. 

This  program,  written  in  C  programing 
language,  was  developed  solely  in  the  Space 
and  Surface  Systems  Division.  COMTROL  is 
itself  distributed.  It  may  be  implemented  in  two 
layers  consisting  of  a  Master  COMTROL  in  the 
top  layer  and  multiple  Slave  COMTROL  in  the 
second  layer.  See  Figure  5.  The  two-layered 
structure  was  originally  developed  to  circum¬ 
vent  a  UNIX  limitation  that  allowed  only  64 
files  to  be  opened  at  one  time.  This  meant  that 
only  64  processes  could  be  executed  concur¬ 
rently  on  the  distributed  system.  With  the 


current  configuration,  and  depending,  on  the 
size  of  the  application,  up  to  64  Slave 
COMTROL  can  be  implemented,  and  as  many 
as  4096  processes  can  be  executed 
concurrently. 

Each  Slave  COMTROL  maintains  a  list  of  all 
client  applications  or  processes  that  it  serves. 
The  Master  COMTROL  maintains  a  list  of  all 
connections  on  the  network.  These  lists  are 
used  to  support  communications  or  message 
transfers  from  any  client  process  to  any  other 
client  process  connected  to  the  system.  The 
various  COMTROL  and  client  applications  can 
be  hosted  on  any  processor  on  the  network. 
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11  a  Sla\o  COMTROL  and  a  process  that  it 
serves  are  hosted  on  a  common  processor, 
communications  between  them  occur  within 
the  UNIX  domain.  If  a  set  of  processes  and 
their  intercommunications  are  static,  that  is,  if 
the  processes  are  always  present  and  their  com¬ 
munications  requirements  do  not  change  over 
time.  COMTROL  does  not  need  to  be  used  to 
transfer  data  among  them.  Those  message 
transfers  occur  directly  in  the  UNIX  domain 
among  processes  on  common  machines  and 
point-to-point  using  TCP/IP  for  processes  on 
different  machines. 

The  greatest  advantage  of  COMTROL  is  its 
ability  to  manage  communications  in  a 
dynamic  application  environment.  It  was 
designed  to  support  analyses  of  a  system  such 
as  the  one  in  Figure  1,  w'here  objects  (pro¬ 
cesses)  may  be  created  or  removed  in  an 
unpredictable  manner  as  the  system  evolves. 
When  a  new  process  is  created,  it  provides  the 
system  with  a  unique  identification  when  it 
logs  on  to  the  system  through  COMTROL.  It  is 
provided  with  a  unique  system  address  and  is 
then  able  to  communicate  with  any  other  pro¬ 
cess  on  the  system.  Similarly,  when  a  process 
ceases  to  exist,  COMTROL  automatically 
supports  its  removal  from  the  system. 

COMTROL  provides  a  highly  capable  but 
simple  interface  for  network  communications. 
Its  operation  is  totally  transparent  to  the  system 
user  or  programmer.  A  more  detailed  descrip¬ 
tion  of  the  ADPT  network  communication 
system  is  given  in  NSWC  TR  91-5.' 

In  addition  to  supporting  communication 
among  concurrent  processes  on  a  distributed 
system,  it  is  necessary  to  synchronize  execution 
of  the  various  processes.  This  is  done  in  ADPT 
through  the  use  of  blocking  communication. 
Individual  processes  must  be  designed  so  that 
execution  is  ''blocked”  or  suspended  until  a 
logically  needed  message  is  received.  A  simple 


example  of  this  is  shown  in  Figure  tj.  Both  pro¬ 
cesses  in  Figure  B  are  initialized  concurrently. 
Process  1  begins  execution  to  produce  data 
needed  by  process  2,  which  waits  to  receive 
that  data.  When  the  appropriate  data  is 
received,  process  2  continues  execution,  and 
process  1  suspends  execution  at  its  "Receive” 
until  the  proper  message  is  passed  to  it  over 
the  network.  Clearly,  this  method  of  synchron¬ 
ization  is  application-dependent.  Placement  in 
the  code  of  the  blocking  receive  or  send 
instructions  depends  on  the  problem  being 
solved.  The  need  for  careful  top-dowm  software 
design  is  evident.  Again,  the  generic  functions 
and  interfaces  in  Figure  3  are  helpful  in  this 
design  process.  While  the  proper  use  of  block¬ 
ing  communications  guarantees  the  logical 
synchronization  of  concurrent  processes,  it  is 
also  clear  that  it  can  lead  to  underutilization  of 
some  computing  resources  on  the  network. 
Mismatching  of  process  computational  intensity 
and  computer  power  will  lead  to  excessive 
computer  idle  time  as  the  processes  on  some 
machines  wait  for  needed  messages.  A  general, 
automatic  methodology  for  optimally  assigning 
processes  to  computers  does  not  presently 
exist.  Ongoing  research  in  this  area  includes 
the  investigation  of  noninvasive  system  load¬ 
monitoring  techniques  and  the  development  of 
a  first-generation,  automatic  load-balancing 
methodology. 

To  date,  the  ADPT  functions  approach  and 
the  distributed  processing  methodology  dis¬ 
cussed  above  have  been  applied  to  several 
different  problem  areas.  The  first  of  these  was 
ADMRALS,  which  will  be  described  in  more 
detail  later.  The  second  application  includes 
the  integration  of  generic,  space-based  sensor 
assets  into  the  ADMRALS  force-level  simula¬ 
tion  system.  NAVSWC  has  used  this  system  in 
first-cut  performance  and  value-added  analyses 
for  several  candidate  space-based  Wide  Area 
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will  continue  to  be  initiated  with  the  inlegra- 


Command  (SPAWAR),  established  in  1985. 
initiated  force  systems  engineering  to  identify 
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Figure  6.  ADP  T  simulation  cotitrol  utilizes 
blocking  commutiications.  A  process  will 
suspend  execution  until  a  specified  message 
is  received  from  another  process. 
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systems. 

simulation  program  called  AGEM  (Anti- 
Satellite  Global  Engagement  .Model)  was 
tleveloped  using  ADPT.  This  model  was  used 
for  extensive  .system  effectiveness,  parametric 
trade-off.  and  force-on-force  analyses  in 
support  of  the  Navy  antisatellite  development 
effort  of  FY89/90.  AGEM  is  currently  being 
modified  to  support  system  analysis  studies  of 
proposed  .Navy  anti-tactical  ballistic  missile 
systems. 

ADPT  is  also  being  used  to  design  and 
develop  an  Advanced  AEGIS  Weapon  System 
Simulation  (AAWSS),  The  primary  focus  of  this 
work  is  the  development  of  a  detailed  simula¬ 
tion  of  the  AEGIS  Weapon  System.  At  the  ship 
level  in  this  application,  part  of  the  functional 
decomposition  of  the  weapon  system  cor¬ 
responds  to  combat  system  elements  that 
include  SPY.  Command  and  Decision,  Weapons 
Control  System,  and  Standard  Missile.  The 
interconnectivities  among  the  various  elements 
correspond  to  a  subset  of  the  actual  combat 
system  data  transfers.  Hooks  are  being 
provided  so  that  the  AAWSS  can,  in  principle, 
be  integrated  into  the  force-level,  multi-warfare 
simulation  system,  ADMRALS, 


To  dale,  all  the  api)licati(ms  of  .ADPT  have 
fallen  in  the  modeling,  simulation,  and  systems 
analysis  arena.  Other  possible  applications 
include  human-in-lhe-loop  training  systems, 
real-time  distributed  systems,  and  the  solution 
of  numerically  intensive  com[)utational 
mechanics  problems. 

ADMRALS  Overview  and  Background 

In  FY86,  SPAWAR  began  its  WSA&E 
initiative.  This  effort  spanned  the  entire  Navy 
laboratory  community.  The  stated  objectives  of 
the  WSA&E  program  included  conducting 
battle  force  systems  engineering  and  architec¬ 
ture  analyses,  translating  requirements  into 
specifications,  and  providing  systems  engineer¬ 
ing  at  the  multi-warfare  level.  Because  of  'he 
great  co.sts  and  long-lead  times  associated  with 
developing,  testing,  and  introducing  new 
weapon  systems  into  the  fleet,  the  need  for  a 
force-level,  multi-warfare  system  analysis  tool 
was  evident.  There  did  not  exist,  however,  any 
single  group  or  organization  in  the  Navy  with 
all  the  knowledge,  expertise,  and  resources 
necessary  to  system  engineer  the  fleet  at  the 
force  level.  This  was  the  task  assumed  by  the 
WSA&E  community. 
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Early  in  FY87,  ADPT  was  seen  as  an  environ¬ 
ment  in  which  models  and  expertise  of  various 
warfare  area  experts  could  be  integrated  into  a 
synergistic,  multi-warfare  analysis  system  to 
support  the  WSA&E  process.  The  ADPT 
application  called  ADMRALS  is  the  result  of 
that  analysis  environment  development  effort. 
ADMRALS  is  hosted  on  the  distributed  pro¬ 
cessing  system  shown  in  Figure  4.  Communica¬ 
tion  and  synchronization  are  maintained 
through  the  use  of  COMTROL  and  the  blocking 
communication  technique  (called  TIMER  for 
the  ADMRALS  application)  previously  dis¬ 
cussed.  The  generic  ADPT  functions  of  Figure 
3,  specialized  for  applications  to  warfare 
systems  or  objects,  are  shown  in  Figure  7.  All 
object  models  designed  specifically  for  integra¬ 
tion  into  ADMRALS  follow  the  template  of 
Figure  7.  Several  existing  models  developed  by 
various  agencies  for  other  applications  have 
also  been  integrated  into  the  ADMRALS  en¬ 
vironment.  In  some  cases,  models  have  been 
integrated  intact.  In  other  cases,  the  existing 
models  have  been  somewhat  disassembled 
along  functional  lines  and  the  appropriate  parts 
have  then  been  integrated.  Models  developed 
specifically  for  ADMRALS  are  written  in  the  C- 
programming  language  so  that  they  may  readily 
interface  with  COMTROL.  which  is  also  coded 


in  C.  The  previously  existing  models  have  been 
written  in  either  PASCAL  or  FORTRAN.  In 
these  cases,  C-wrapper  programs  have  been 
developed  to  interface  the  various  models  with 
the  network. 

In  its  current  state,  ADMRALS  includes 
relatively  sophisticated  anti-air  warfare  (AAW) 
capabilities  (point  defense,  area  defense,  and 
outer-air  battle).  It  includes  generic  WASTT 
space  assets.  It  has  some  antisubmarine  war¬ 
fare  (ASW)  models  and  includes  limited 
electronic  warfare  (EW)  capabilities.  Table  1 
shows  the  major  models  included  in 
ADMRALS.  their  origins,  and  the  programming 
language  in  which  they  are  written.  Figure  8 
shows  Blue  Force  platforms  currently  modeled. 
Current  ADMRALS  models  and  capabilities 
will  now  be  discussed. 

Point  and  Area  Defense 

The  first  existing  model  integrated  into  the 
ADMRALS  distributed  environment  was  the 
Fleet  Requirments  Analysis  Model  (FRAM). 
FRAM  is  a  time-step-driven,  battle  group  point 
and  area  defense  model  written  in  FORTRAN. 

It  was  orginally  developed  as  a  sequential  pro¬ 
gram  to  be  executed  on  a  mainframe  computer. 
It  originated  in  and  has  been  used  extensively 


Figure  7.  ADMRALS  multi-warfare  functions. 
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Table  1.  Current  Models  in  ADMRALS 


Warfare  Area 

Model 

Origin 

Language 

AAW(IAB) 

FRAM 

NAVSWC 

FORTRAN 

TSMM 

Contractor 

PASCAL 

AAWfOAB) 

Fighter 

NAVSWC 

C 

E-2 

NAVSWC 

C 

AAWC 

NAVSWC 

C 

CV 

NAVSWC 

C 

ASW 

RADS 

Contractor 

PASCAL 

HDM 

Contractor 

FORTRAN 

SUBSUB 

Contractor 

FORTRAN 

ASWC 

NAVSWC 

C 

CG/DD 

NAVSWC 

C 

Space 

Satellite 

NAVSWC 

FORTRAN 

Red  Threat 

NAVSWC 

C 

by  the  Combat  Systems  Engineering  and 
Assessment  Division  at  NAVSWC.  In  early 
FY87,  FRAM  was  obtained  by  the 
ADMRALS/ADPT  development  team.  It  was 
decomposed  as  much  as  possible  along  the 
functional  areas  of  Figure  7,  interfaced  with 
COMTROL  and  TIMER,  and  rehosted  on  a 
prototype  distributed-processing  network.  A 
relational  data  base  back  end  for  post¬ 
processing  analyses  and  an  animated  graphics 
package  were  also  added.  FRAM  remains  in 
ADMRALS  to  model  point  and  area  defense, 
but  the  nature  of  its  implementation  on  the 
distributed  system  has  changed  somewhat  as 
other  warfare  area  models  have  been  added  to 
the  ADMRALS  system.  For  example,  the 
original  Red  Threat  model  in  FRAM  has  been 
removed,  and  a  more  robust  model  has  been 
developed  to  support  point  and  area  defense  as 
well  as  other  warfare  areas  for  which  the 
FRAM  threat  was  never  intended. 

FRAM  provides  the  ability  to  model  virtually 
any  type  and  number  of  Blue  Force  surface 
platforms.  Platforms  are  created  by  entering 
data  specifying  their  physical  descriptions. 
These  data  describe  platform  locations  relative 
to  fleet  center,  types  and  numbers  of  sensors, 
launchers,  weapons,  illuminators,  communica¬ 
tion  links,  the  performance  characteristics  of 
various  platform  subsystems,  etc.  Varying  levels 
of  area  defense  coordination  can  be  specified. 
Blue  Force  ship  damage  and  degradation  can 
be  modeled.  Blue  Force  decoys  and,  to  some 
extent.  Blue  Force  EW  weapons,  can  also  be 
included. 


The  Outer  Air  Battle 

In  late  FY87  and  FY88,  outer  air  battle  (OAB) 
models  were  developed  in  the  Space  and 
Surface  Systems  Division  to  expand  the  AAW 
capabilities  provided  by  FRAM.  These  models 
include  an  anti-air  warfare  commander 
(AAWC),  a  carrier  (CV),  an  airborne  early  warn¬ 
ing  platform  (E2),  and  fighters  (F-14  and 
F/A-18).  Each  of  these  models  was  designed 
and  developed  from  the  top  down  using  the 
highly  modular  functional/object-based  ap¬ 
proach  associated  with  ADPT.  A  high-level 
flow  chart  for  the  F-14  is  given  in  Figure  9. 

The  correspondence  of  this  F-14  specific  model 
to  the  generic  functions  of  Figure  7  is  evident. 
The  decision-making  process,  or  “pilot,”  of  the 
F-14  was  modeled  using  both  traditional  rule 
bases  and  a  neural  network.^ 

The  AAWC  model  is  primarily  a  decision¬ 
making  process.  Its  input  from  the  environment 
consists  of  communications  from  the  E-2 
models,  from  space  assets,  and  from  an  ES-3 
model.  These  communications  describe  the 
current  tactical  situation.  Based  on  this  tactical 
picture,  the  rule  base  is  exercised  to  make  ap¬ 
propriate  decisions.  Output  from  the  AAWC  to 
its  environment  includes  orders  to  the  E-2s  and 
the  CVs.  Actions  initiated  by  the  AAWC 
include  establishing  combat  air  patrol  patterns 
for  fighters  and  E-2s.  The  characteristics  of 
these  patterns  can  be  defined  by  simulation 
user  input.  The  AAWC  also  requests  launches 
from  the  CVs,  maintains  an  inventory  of  air 
resources,  establishes  fighter  loiter  and 
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refueling  points  {called  “sponges”)  and 
initiates,  through  the  E-2s,  fighter  attacks  on 
Red  air  assets. 

The  CV  model  provides  the  launching  plat¬ 
form  for  Blue  Force  aircraft.  User  inputs  to  the 
CV  model  include  specification  of  numbers  and 
types  of  aircraft  on  board,  recycle  times  for 
each  aircraft  type,  aircraft  weapon  types,  and 
loadout  and  total  initial  CV  consumables 
loadout.  In  response  to  commands  from  the 
AAWC,  the  carrier  moves  aircraft  among 
various  alert  states  (cold,  30  minutes,  15 
minutes,  and  5  minutes)  and  launches  aircraft. 
The  mddel  decrements  resources  as  aircraft  are 
loaded  and  launched.  It  also  includes  catapult 
restrictions  for  certain  types  of  aircraft  (e.g., 
propeller-driven  aircraft  cannot  be  launched 
from  waist  catapults). 

When  the  carrier  model  “launches”  an  air¬ 
craft.  a  new  program  or  process  corresponding 
to  that  aircraft  is  initiated.  The  new  program  is 
automatically  assigned  to  a  computer  on  the 
distributed  network.  COMTROL  automatically 
establishes  the  appropriate  communication  con¬ 
nectivities  with  other  processes,  and  the  aircraft 


operates  interactively  with  other  objects  in  the 
system.  If  the  aircraft  is  destroyed  during  the 
simulation  or  when  it  returns  to  the  carrier,  it 
logs  off  and  is  removed  from  the  system. 
Simulations  have  been  run  with  four  CVs 
operating  concurrently  and  with  as  many  as 
100  aircraft  processes  created  during  the 
simulation. 

The  E-2  model  provides  long-range  radar 
detection  and  acts  as  a  local  coordinator  for 
fighter  aircraft.  The  E-2  correlates  its  own 
radar  contacts  with  those  received  from  the 
fighters  under  its  control  to  obtain  a  local 
tactical  picture.  Given  this  tactical  picture,  the 
E-2  issues  vectoring  commands  to  the  fighters. 
The  E-2  utilizes  a  neural  network  to  cluster  the 
targets  in  order  to  determine  the  vectoring 
scheme.  If  more  fighters  are  required  to  meet 
the  threat  than  are  under  the  E-2’s  control,  they 
are  requested  from  the  AAWC.  The  E-2  notifies 
the  AAWC  when  it  must  return  for  fuel  and 
when  fighters  have  located  enemy  aircraft. 
When  an  E-2  is  being  replaced  it  transfers  the 
control  of  its  fighters  to  another  E-2. 


Figure  8.  Current  ADMRALS  simulation  capabilities. 
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Figure  9.  Fighter  flow  diagram. 


The  fighter  model  is  used  to  simulate  the 
F-14s  and  F/A-18s  used  in  the  OAB.  The  fighter 
observes  the  environment  with  a  user-specified 
combination  of  its  radar,  infrared,  camera,  and 
visual  sensors.  If  anything  is  detected,  the 
fighter  notifies  the  E-2.  If  the  fighter  has  not 
received  a  vectoring  command  from  the  E-2 
and  has  one  or  more  target  tracks,  it  will  fire  a 
weapon  at  each  of  the  tracks.  Otherwise,  it  will 
follow  the  targets  assigned  by  the  E-2  and 
attack  when  within  range.  The  fighter  contains 
a  rule  base  for  target  prioritization.  For 
example,  a  fighter  will  attack  an  enemy  bomber 
before  a  fighter  (if  both  are  tracked).  The 
fighter  is  capable  of  carrying  a  variety  of 
weapons,  depending  on  the  user’s  preference. 
The  fighter  reports  to  the  E-2  when  it  must 
return  to  the  CV  for  fuel  or  weapons.  The 


fighter  contains  a  missile  flyout  model  for  Blue 
Force  air-to-air  missile  engagements.  The 
fighter  also  contains  a  rule  base  to  determine 
chase  logic  based  on  engagement  geometry. 

Space  Assets 

Space-based  WASTT  assets  can  be  included 
in  the  ADMRALS  system  at  the  user’s  option. 
Arbitrary  satellite  constellations  (numbers  of 
satellites,  spatial  distribution,  and  orbital 
elements)  can  be  defined.  Orbits  are  propagated 
using  Keplerian  motion.  Moderately  high- 
fidelity  infrared  sensor  capabilities  are  modeled 
for  the  satellites.  Sensor  bandwidth,  spot  size, 
sensitivity,  and  search  pattern  can  be  specified 
by  the  user.  Atmospheric  attenuation  effects 
are  included,  but  require  a  prior  off-line  execu- 
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tion  of  a  separate  program.  As  currently 
implemented,  when  a  space-based  infrared 
sensor  detects  and/or  tracks  a  Red  Force  threat, 
it  communicates  directly  to  the  AAWC,  which 
includes  that  information  in  its  decision-making 
process.  Communication  delays  to  simulate 
ground  processing  of  satellite  sensor  data  can 
be  implemented  easily. 

Anti-Submarine  Warfare 

The  ASW  models  implemented  in  ADMRALS 
were  all  obtained  through  the  Center  for  Naval 
Analyses.  These  models  include  HDM 
(Helicopter  Dipping  Model),  RADS  (Rapid 
Acoustic  Detection  Simulation),  and  SUBSUB 
(Submarine  on  Submarine).  Each  of  these 
models  was  originally  developed  to  simulate  a 
single  one-on-one  engagement.  Consequently, 
significant  additional  code  had  to  be  developed 
to  navigate  the  Blue  Force  platforms  and  other¬ 
wise  interface  the  ASW  models  with  the  rest  of 
the  ADMRALS  system. 

HDM  is  a  statistical  model  that  determines 
the  probability  of  detection  of  an  enemy  sub¬ 
marine  by  a  helicopter  equipped  with  a  dipping 
sonar  when  both  platforms  are  within  a  given 
area.  It  was  necessary  to  create  models  for  the 
helicopter  navigation  and  torpedo  launching  in 
order  to  include  HDM  in  ADMRALS.  It  was 
also  necessary  to  create  a  cruiser/destroyer 
(CG/DD)  ASW  interface  model  in  order  to 
launch/recover/reload  the  helicopter  as  well  as 
to  give  it  initial  detection  bearings  on  the  Red 
Force  submarines. 

RADS,  a  P-3  model  similar  to  HDM, 
determines  the  probability  of  detection  of  an 
enemy  submarine  within  a  given  area.  It  was 
necessary  to  create  navigation  and  torpedo 
launching  models  to  facilitate  the  use  of  RADS. 

SUBSUB  is  a  probabilistic  submarine-versus- 
submarine  engagement  model.  It  utilizes 
environmental  information  and  acoustic  data 
from  each  of  the  platforms  to  determine  the 
probabilities  of  detection  and  kill  for  each 
submarine.  It  was  necessary  to  create  a  naviga¬ 
tion  function  for  the  Blue  Force  submarines. 
(Red  submarines  are  navigated  by  the  Red 
Force  Threat  Generator.)  An  ASWC  model  was 
created  to  tie  together  the  different  aspects  of 
ASW  within  ADMRALS.  The  ASWC 
communicates  with  the  P-3s  and  CG/DDs  and 
allocates  new  ASW  assets. 

These  models  give  the  ADMRALS  system 
limited  ASW  capabilities.  The  current  degree  of 
sophistication  of  ASW  within  ADMRALS, 
however,  is  much  lower  than  the  current  AAW 
capabilities. 


Red  Threat 

All  Blue  platforms  in  ADMRALS  are  fully 
reactive.  Each  Blue  Force  object  utilizes  sensor 
models  to  collect  information  about  its  environ¬ 
ment.  It  uses  rule  bases  or  neural  nets  to  make 
decisions.  Then  it  reacts,  according  to  its  rules, 
on  its  current  perception  of  the  environment. 
Currently,  Red  objects  are  not  generally  re¬ 
active.  Red  platforms  proceed  along  scripted 
tracks  and  initiate  actions  such  as  jamming  or 
weapon  launch  at  a  priori  designated  times  or 
positions.  The  Red  Threat  model  offers  a  great 
deal  of  flexibility  to  the  ADMRALS  user.  It  can 
be  used  to  generate  attack  profiles  for  any 
number  of  Red  Force  surface,  subsurface,  or 
airborne  platforms.  These  attack  profiles  can 
include  any  number  of  waves,  course  changes, 
speed  changes  and,  in  the  case  of  aircraft, 
altitude  changes.  As  currently  implemented, 

Red  on  Blue  air-to-air  engagements  are  modeled 
in  Blue  aircraft  since  Red  is  not  reactive.  When 
either  a  Blue  or  Red  platform  is  destroyed,  it  is 
automatically  removed  from  the  simulation. 

Electronic  Warfare 

EW  modeling  in  ADMRALS  is  somewhat 
limited  because  the  Red  Threat  is  scripted  as 
currently  implemented.  Future  plans  include 
elimination  of  these  limitations  through  the 
development  of  a  more  reactive  Red  Threat 
model. 

In  the  current  implementation.  Red  jamming 
is  modeled  by  reducing  Blue  radar  detection 
ranges  accordingly.  Similarly,  Blue  jamming  is 
modeled  by  decreasing  Red  weapon  release 
ranges.  A  model  has  been  developed  for  a 
generic  airborne  Blue  Electronic  Support 
Measures  platform.  This  platform  passively  col¬ 
lects  track  information  on  attacking  Red  air¬ 
craft  and  transfers  that  information  to  the 
AAWC. 

ADMRALS  User  Interfaces 

Simulating  a  multi-wave  Red  attack  on  a 
large  Battle  Force  (four  or  more  carriers) 
presents  both  simulation  set-up  and  data 
analysis  problems.  Several  features  are  included 
in  the  ADMRALS  System  Design  (Figure  10)  to 
help  manage  these  problems.  A  relational  data 
base  system  is  used  to  provide  the  user  inter¬ 
face  to  part  (FRAM  and  Red  Threat)  of  the 
simulation  set-up.  Other  user  input  for  OAB 
and  ASW  models  is  accomplished  through  edit 
files.  The  relational  data  base  also  supports  the 
analysis  of  simulation  results.  During  a  typical 
scenario  execution,  all  data  produced  can  be 
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saved  in  the  various  memory  locations  of  the 
processing  network.  After  the  execution,  all  or 
any  part  of  this  data  can  be  loaded  into  a 
relational  data  base.  Various  standard  post¬ 
processing  reports  or  Measure  of  Effectiveness 
(MOE)  tables  can  then  be  produced 
automatically,  or  an  analyst  may  use  relational 
data  base  query  language  to  produce  non¬ 
standard  tables  and  reports. 

Part  of  the  data  produced  in  a  simulation 
includes  track  files  (position  versus  time)  of  all 
Red  and  Blue  platforms  and  missile  trajectories. 
These  track  files  are  input  into  an  animated 
graphics  system  that  includes  color  graphics 
44  workstations  and  an  overhead,  large-screen  pro¬ 
jection  system.  This  graphics  capability  has 
proven  to  be  an  invaluable  analysis  tool. 
Analysts  can  observe  the  simulation  and  detect 
nuances  for  closer  examination  in  a  way  that 
would  not  be  possible  if  limited  to  hard-copy 
output. 


Summary  and  Future  Plans 

ADMRALS  and  ADPT  originally  began  as  a 
single  project.  As  that  project  matured,  it 
became  evident  that  the  highly  modular,  func¬ 
tional  systems  engineering  and  software 
development  methodology  and  the  distributed 
network  communication  and  control  technology 
had  broader  utility  than  the  WSA&E  applica¬ 
tion.  Considerable  effort  has  gone  into  formal¬ 
izing  this  general  methodology.  This  effort  is 
continuing.  The  approach  and  the  distributed 
network  have  now  been  used  for  several  other 
applications.  More  research  is  needed  in 
various  aspects  of  distributed  processing.  Net¬ 
work  performance  in  terms  of  execution  time 
has  been  less  than  anticipated.  The  main 
reason  for  this  appears  to  be  non-optimal 
assignment  of  processes  to  computer  resources 
(load  balancing).  Several  potential  improve¬ 
ments  in  this  area  have  been  identified,  and 
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efforts  are  under  way  to  implement  them.  Addi¬ 
tionally,  future  research  is  needed  in  nonin- 
trusive  system  monitoring  and  state-of-the-art 
methods  for  distributed  network  process  syn¬ 
chronization  and  communication. 

The  greatest  strengths  of  the  ADMRALS 
application  urc  AAVY  and  spa^c  asset  modcluig 
capabilities.  Future  plans  include  development 
of  more  sophisticated  EW  capabilities  and  the 
addition  of  other  warfare  areas.  Ongoing  efforts 
include  the  development  of  a  more  reactive 
threat  model  to  support  enhanced  EW  and 
Anti-Surface  Warfare.  A  model  interface  re¬ 
quirements  document  is  being  written  so  that 
other  organizations  may  develop  object  or  plat¬ 
form  models  that  will  readily  interface  with  the 
ADMRALS  system. 
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A  Chemical  Warfare  Naval  Simulation 
Model  for  Surface  Ships 

Thomcia  James  Vonuiu 


The  Naval  Surface  Warfare  Center  fNAVSWCJ  has  developed 
a  computer  software  system,  the  Chemical  Warfare  Naval 
Simulation  (CWNAVSIM),  to  simulate  the  impact  of  a  chemical 
agent  attack  upon  a  surface  ship.  This  system  will  simulate  a 
point  or  line  source  weapon  at  any  point  in  space  and  track  the 
liquid,  primary  vapor,  and  secondary  vapor  to  a  target  (shipj.  It 
will  then  deposit  liquid,  chemical  warfare  (CW)  agent  on  the  sur¬ 
faces  of  the  ship  and  subsequently  evaporate  this  liquid.  The 
vapor  concentrations  at  the  ship  ventilation  inlets  are  calculated 
as  a  function  of  time  and  transported  throughout  the  ship’s 
internal  compartments.  For  each  compartment,  a  time-history  of 
concentration  and  dosage  is  calculated.  Computer  graphics  are 
output  depicting  the  liquid  cloud  enveloping  the  ship  and 
depositing  agent  upon  the  ship.  A  typical  chemical  attack  simula¬ 
tion  clearly  shows  how  a  ship's  fighting  effectiveness  can  be 
seriously  degraded  from  dosages  to  compartments,  causing 
casualties,  replacement  of  casualties  with  less  trained  personnel, 
and  shutdown  of  vital  systems  within  the  ship. 


Introduction 

Recent  experience  in  the  Persian  Gulf  clearly  demonstrates  the  possibility 
of  U.S.  naval  ships  coming  under  chemical  attack  during  regional  conflicts. 
Design  of  future  ships  for  survivability  and  improved  survivability  of 
current  ships  will  become  a  necessity.  In  this  regard,  CWNAVSIM  is  a 
valuable  tool  to  the  U.S.  Navy  in  that  it  can  predict  the  effect  of  changes  in 
ship  design  to  enhance  survivability  at  very  low  cost.  Physical  testing  of 
similar  design  changes  would  be  very  costly  or  impossible  to  accomplish. 
This  simulation  can  determine  the  best  location  to  install  CW  agent  detec¬ 
tors,  ship  entry/exits  (air  locks),  and  the  filter  capacity  needed  on  shipboard 
collective  protective  systems  to  survive  CW  attacks.  It  can  determine,  in  an 
operational  sense,  if  (and  how  much  of)  a  ship  must  be  decontaminated 
after  an  attack.  As  a  case  in  point,  CWNAVSIM  was  used  to  predict  the 
results  of  a  CW  attack  on  a  naval  ship  in  an  elevated  temperature  environ¬ 
ment  during  the  Persian  Gulf  War.  It  was  also  used  to  determine  the  effect 
of  a  biological  attack  in  the  same  scenario. 

One  scenario  of  concern  was  that  one  of  our  ships  on  patrol  might  be 
fired  upon  from  a  shore  battery.  In  a  typical  incident  of  this  type,  a  shell 
containing  a  CW  agent  might  explode  about  20  meters  in  front  of  the 
destroyer  and  50  meters  up  in  the  air.  The  CW  agent,  which  initially  is  in 
liquid  form,  is  dispersed  into  a  cloud  of  liquid  droplets  by  the  explosion.  At 
this  point  several  processes  begin  simultaneously.  First,  the  liquid  droplets 
begin  to  fall  like  rain,  with  the  heavier  droplets  falling  fastest.  Second,  since 
the  CW  agent  is  volatile,  the  droplets  also  begin  to  vaporize,  forming  what 
is  called  the  primary  vapor  cloud,  which  begins  to  flow  with  the  local  air 
currents.  Some  fraction  of  the  liquid  droplets  falls  into  the  ocean  and 
ceases  to  be  part  of  the  problem.  The  remaining  fraction  of  the  droplets 
falls  as  a  liquid  onto  the  ship’s  decks  and  other  exposed  surfaces.  These 
droplets  spread  out  on  the  ship’s  surfaces  and  also  begin  to  evaporate, 
forming  what  is  termed  the  secondary  vapor  cloud.  The  primary  and 
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secondary  vapor  clouds  both  move  with  the 
prevailing  local  winds  and,  depending  upon 
ship’s  speed  and  heading,  some  fraction  of  the 
vapor  in  these  clouds  enters  the  ship’s  interior 
through  various  ventilation  air  intakes.  Once 
inside  the  ship’s  air  handling  systems,  the  CW 
agent  begins  to  affect  the  crew  members.  As 
cre.w  members  become  incapacitated,  the  ship’s 
performance  begins  to  degrade  in  predictable 
modes.  This  entire  process  is  modeled  in 
CWNAVSIM  and  discussed  in  detail  in  this 
article. 

Overview  of  the  Simulation 


Operational  Threat  Environment,  HVAC  for 
Heating,  Ventilation  and  Air  Conditioning 
system,  and  Ship  OPS  for  Shipboard 
Operations. 

The  CWNAVSIM  is  currently  running  on  a 
Tektronix  XD88/30  computer.  This  computer  is 
a  RISC  architertiire  system  which  peri^orms 
about  2.2  single-precision  MFLOPS.  The 
operating  system  is  a  Tektronix  version  of 
UNIX  called  UTEK,  V3.2.E.  The  programs 
were  compiled  with  XD88  series  C  and  F77 
compilers,  both  by  Green  Hills  Software. 
Graphic  programs  use  the  Tektronix  OnRamp 
3D  Graphics  Library. 


CWNAVSIM  is  a  series  of  computer  pro¬ 
grams  used  in  simulating  the  transportation, 
evaporation,  liquid  deposition,  weathering 
effects,  and  mission  impact  of  a  chemical  agent 
attack  on  a  naval  ship.  The  simulation  actually 
consists  of  three  major  submodels:  Deposition 
and  Weathering  of  a  Chemical  Attack  on  a 
Naval  Vessel  (DAWN),  the  Ventilation  Model 
(VENM),  and  the  Naval  Unit  Resiliency  Model 
(NURA).  Each  of  these  comprises  a  group  of 
programs.  The  entire  simulation  consists  of 
modules  that  can  be  replaced  or  modified  as 
needed  for;  (1)  data  base  generation;  (2)  cloud 
tracking;  (3)  agent  deposition;  (4)  agent  evapora¬ 
tion  (weathering);  (5)  vapor  generation;  (6) 
vapor  tracking;  (7)  vent  history;  (8)  graphics 
display;  (9)  internal  ventilation  transportation; 
and  (10)  mission  degradation.  Figure  1  is  a 
high-level  program  flow  chart.  Figure  2  is  a 
companion  flow  chart  that  provides  more 
detail.  Some  of  the  abbreviations  in  Figure  2 
are;  OPSIT  for  Operational  Situation,  OTE  for 


Preparation  of  Ship  Data  Bases 

Referring  to  Figures  3  and  4,  it  can  be  seen 
that  ships,  as  seen  by  the  computer  and  por¬ 
trayed  in  graphics,  are  made  up  of  a  largo 
number  of  quadrilaterals  referred  to  here  as 
quads.  The  data  bases  contain  the  real-world 
coordinates,  normals,  etc.,  of  these  quads. 
Presently,  data  bases  for  the  FFG,  DD-963, 
LST-1179,  LHA,  and  CG-26  class  ships  are 
available  for  use. 

Quantification  of  Flow  Around  the  Ship 

The  quad  data  base  is  used  in  all  of  the  sub¬ 
programs  in  CWNAVSIM,  including  a  potential 
flow  model’  that  determines  the  characteristics 
of  the  airflow  about  the  ship’s  surfaces.  The 
characteristics  of  the  flow  about  these  surfaces 
are  maintained  in  a  data  file  for  use  in 
estimating  evaporation  from  the  surfaces.  Given 
an  arbitrary  initial  flow  about  a  vessel,  the 
relative  wind  speed  at  the  surface  of  each  quad 
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Figure  1.  Program  flow. 


Naval  Surface  Warfare  Cenler  Technical  Digest 


OPSIT  - 1 

DAWN 

Digitized 

Ship 

Model 

Deposition  of 
Liquid  on  Ship 


p  Initial  Vapor  — 

Drop  Evaporation  — 

- 

Distribution  of 

Agent  Concentration 

^  Liquid  Evaporation- 

Figure  2.  Description  of  program  flow. 


is  determined.  The  absolute  wind  flow  at  these 
points  is  used  to  determine  the  evaporation  rate 
of  a  CVV  agent  from  the  ship’s  surfaces. 

Since  the  velocity  components  of  an  onset 
flow  may  be  different  with  each  cloud  track, 
the  actual  surface  velocitie.s  may  be  calculated 
quickly,  given  the  onset  flow  components  and 
the  potential  flow  coefficients  at  the  center  of 
each  surface  quad. 

Description  of  the  Agent  Burst 

The  simulation  maintains  a  data  file  which  is 
used  by  a  program  module  to  track  the  move¬ 
ment  of  the  agent  cloud.  This  includes: 

•  agent  type  GB  (nerve  agent),  GD  (nerve 
agent),  HD  (distilled  mustard),  VX  (nerve 
agent),  AC  (hydrogen  cyanide) 

•  agent  temperature  (celsius) 

•  agent  mass  (as  vapor) 

•  mass  medium  diameter  of  drops  (log 
normal  distribution) 

•  Litchfield  slope  of  droplet  diameter 
distribution  (standard  geometric  deviation 
of  the  radii  of  particles  in  the  distribution. 
When  this  value  is  1.0,  all  the  particles  are 
the  same  size.) 

•  line  source  length  in  meters  (for  line 
source  only) 

•  fall  angle  from  horizontal  (for  line  source 
only) 


•  line  angle  from  wind  (degrees)  (for  line 
source  only) 

•  release  height  (meters) 

•  wind  speed  and  direction 

•  atmospheric  pressure  (mm  Hg) 

•  atmospheric  temperature  (Celsius) 

•  temperature  profile  slope  value  (deg  C/m) 

•  horizontal  cloud  sigma  at  100  meters 

•  vertical  cloud  sigma  at  100  meters  from 
release  point 

•  horizontal  cloud  sigma  at  release  point 

•  vertical  cloud  sigma  at  release  point 

An  agent  data  file  is  also  maintained  for 
input  to  the  weathering  program.  These 
parameters  include:  surface  type  (epoxy,  alkyd, 
urethane),  surface  temperature  (celsius),  droplet 
spread  factor  (the  size  of  the  circle  that  a 
droplet  spreads  out  to  upon  impact  with  a 
surface),  target  emission  rate  (mg/sq  m/min)  (the 
rate  of  emission  of  vapor  agent  from  the  entire 
target),  and  desorption  rate  (mg/sq  m/min)  (the 
time  rate  of  desorption  of  a  liquid  agent  from  a 
desorbing  surface). 

Tracking  of  Initial  Agent  Clouds 

A  cloud-tracking  module  has  been  developed 
that  will  track  and  quantitatively  describe  the 
atmospheric  transport  and  diffusion  of  a 
chemical  contaminant  through  a  navy  ship.^'^’^ 
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Figure  3.  Typical  small  weapon  size  chemical  warfare  attack. 


Oc  : 


Figure  4.  Typical  large  weapon  size  chemical  warfare  attack. 
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The  initial  aerosol  cloud  is  regarded  as  a 
collection  of  50  envelopes  (cloudlets),  each  of 
which  contains  droplets  spanning  a  small  range 
in  size.  By  making  use  of  the  droplet  size 
distribution,  each  range  of  droplet  size  is 
replaced  by  an  average  size,  suitably  defined. 
For  each  time  step,  the  radius  of  the  droplets  is 
calculated  along  with  the  speed,  vertical  posi¬ 
tion  and  velocity,  and  size  of  the  associated 
envelope.  When  all  the  envelopes  have  been 
processed,  the  vapor  distribution  of  the  aerosol 
cloud  is  calculated.  The  droplet  temperature  is 
calculated  at  the  end  of  each  time  step,  along 
with  all  temperature-dependent  parameters.  A 
time-tagged  data  record  for  each  cloud 
envelope  (cloudlet)  is  included  in  the  standard 
output.  The  cycle  is  then  repeated  until  either 
the  time  of  interest  has  been  reached  or  the  en¬ 
tire  droplet  mass  is  no  longer  airborne.  A  more 
complete  description  of  the  method  and  basic 
flow  used  in  the  program  may  be  found  in  the 
references. 

The  program  is  also  used  to  calculate  the 
final  cloud  track.  The  final  cloud  track  file  con¬ 
tains  the  quantitative  cloudlet  information  and 
the  three-dimensional  positions  of  the  cloudlets 
as  they  interact  with  the  airflow  about  the  ship. 

Agent  release  parameters,  which  include 
wind  speed  and  direction,  ship  speed,  and 
agent  release  point,  are  input  by  the  user.  A 
preliminary  track  for  each  cloudlet  is 
calculated.  Once  a  cloudlet  enters  the  flow 
boundary  around  the  ship,  the  preliminary 
cloudlet  information,  including  quantitative 
droplet  data  and  a  final  cloud  track,  are  pro¬ 
duced.  The  XYZ  positions  of  the  chemical 
cloud  envelopes  are  computed  at  select  times 
as  the  envelopes  interact  with  the  airflow  about 
the  ship.  The  XYZ  potential  flow  model  is  used 
to  compute  positions  on  streamlines  that  do  not 
touch  the  ship’s  surfaces.  In  order  to  speed 
processing,  several  features  were  added  to  the 
program. 

•  The  flow  boundary  around  the  ship  body  is 
defined  as  an  area  extending  outward  (as  a 
function  of  cloud  radius)  from  all  ship  semi¬ 
axis  limits.  All  positions  within  this  area  are 
tracked  along  flow  streamlines.  All  positions 
outside  this  area  are  tracked  using  initial 
flow  and  fall  rate.  This  method  eliminates 
the  need  to  compute  streamline  velocities  at 
points  where  the  interaction  of  the  ship  with 
the  airflow  is  negligible. 

•  All  velocity  calculations  include  the  fall  rate 
of  each  cloudlet. 

•  Data  on  cloudlet  position  is  used  to  deter¬ 
mine  whether  it  is  inside  or  outside  the  flow 
boundary,  or  if  it  has  been  removed  from 
fbe  flow. 


•  Subclouds  are  removed  from  the  flow  when 
a  subcloud  is  deposited  upon  the  ocean 
surface  or  when  it  enters  the  ship’s  body. 

Determination  of  Agent  Deposition  on 
the  Ship 

The  portion  of  the  liquid  cloud  that  is  even¬ 
tually  deposited  on  the  ship’s  surfaces  is  deter¬ 
mined  next.  Each  cloud  containing  liquid  is 
subdivided  into  a  large  number  of  cubes.  The 
motion  of  center  point  of  each  cube  is  assumed 
to  represent  the  motion  of  the  entire  cube.  The 
dimensions  of  the  cube  are  known,  so  the 
motion  of  the  volume  enclosed  by  the  cube  is 
known  as  well.  The  XYZ  potential  flow  model 
discussed  above  gives  the  motion  of  the  cubes 
relative  to  the  quads  that  describe  the  ship’s 
surfaces.  The  amount  of  agent  deposited  is 
determined  by  finding  the  fractional  volume  of 
the  cube  that  is  swept  out  as  it  moves  past  each 
surface  quad. 

Determination  of  Absorption, 

Evaporation,  and  Desorption 

The  next  step  is  to  predict  ihe  persistence  of 
and  the  vapor  emission  from  chemical  agent 
droplets  on  a  moving  naval  vessel  considering 
surface  temperatures  and  the  wind  flow  about 
the  vessel.  The  evaporation  or  weathering 
module  is  an  adaptation  of  the  model  to  predict 
droplet  persistence  on  a  moving  vehicle.^  The 
evaporation/absorption  model  selected  for  use 
in  CWNAVSIM  is  the  constant  radius  of 
curvature  (CRC)  model  for  monodispersed 
droplets.  The  CRC  Model  considers  the 
evaporation/absorption  history  of  a  single 
droplet  and  applies  a  constant  factor  to  account 
for  the  total  deposition  within  the  area.  In 
order  to  use  this  model  without  majoi 
modification,  the  deposition  is  assumed  to  be 
uniform  over  each  area  considered.  Evapora¬ 
tion  and  absorption  quantities  for  the  total 
vehicle  are  determined  by  summing  across  the 
different  areas. 

The  desorption  process  is  assumed  to  com¬ 
mence  after  all  liquid  on  the  surface  is  either 
evaporated  or  absorbed.  Desorption  data  is  a 
user  input.  This  input  is  in  the  form  of  desorp¬ 
tion  rate  per  unit  area  as  a  function  of  elapsed 
time  for  surface  dryness.  In  the  computer 
model,  desorption  of  each  area  is  considered 
separately,  and  quantities  for  the  total  vehicle 
are  determined  by  summing  across  the 
different  areas. 

The  CRC  Model  also  includes  routines  to 
determine  the  decay  and  the  removal  by  pick¬ 
up  of  liquid  deposited  on  the  surface.  As 
neither  process  is  important  for  this  naval 
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application,  these  routines  were  omitted  when 
the  CRC  model  was  adopted  for  use  in  the 
weathering  model  in  CWNAVSIM.  Several 
additional  simplifying  assumptions  were  made: 
(a)  liquid  droplets  are  deposited  without  overlap 
on  a  uniform  smooth  plane;  (b)  the  relative 
wind  velocity  vectors  remain  constant 
throughout  the  weathering  process  and  are  the 
same  as  the  tracking  velocity  vectors;  (c) 
relative  wind  velocities  over  vehicle  surfaces 
are  determined  by  using  the  flow  coefficients  at 
the  center  of  each  area  to  calculate  the  absolute 
velocity  over  each  area;  (d)  the  temperature 
remains  constant  during  the  entire  weathering 
process  in  each  quad;  (e)  liquid  droplet 
temperature  is  the  same  as  that  of  the  surface 
to  which  the  droplet  is  attached;  (f)  the 
evaporation,  absorption,  and  desorption  pro¬ 
cesses  in  each  area  are  assumed  to  be  indepen¬ 
dent  of  these  processes  in  adjacent  areas;  (g)  all 
surfaces  arc  assumed  dry  before  liquid  is 
deposited;  (h)  all  surfaces  are  assumed  to  be 
smooth  and  of  the  same  composition  (e.g.. 
alkyd  paint  on  metal,  urethane  on  metal,  etc.]- 
Droplet  behavior  in  cracks,  crevices,  and 
greased  areas  is  not  considered. 

For  each  area,  the  program  outputs  the  initial 
deposition  and  a  time  history  of  drop  height, 
evaporation  rate,  absorption  rate,  and  desorp¬ 
tion  rate. 

Tracking  the  Primary  Vapor 

Knowing  the  final  liquid  cloud  track,  the 
positions,  dimensions,  concentration,  and 
generation  times  of  a  series  of  primary  vapor 
clouds  are  determined.  As  time  progresses,  the 
droplets  defining  a  liquid  cloud  evaporate. 

These  droplets  leave  behind  a  primary  vapor 
trail.  The  amount  of  vapor  in  the  clouds  is 
estimated  by  calculating  the  change  in  mass  of 
a  cloudlet  (all  the  droplets)  over  a  period  of 
time.  This  mass  difference  is  the  total  mass 
contained  within  the  vapor  cloud.  The  volume 
of  the  vapor  cloud  during  this  time  period  is 
equal  to  the  volume  swept  out  by  the  moving 
cloudlet.  This  volume  is  divided  into  discrete 
units,  and  the  generation  time  and  position  of 
each  unit  are  calculated.  These  discrete  units 
are  termed  the  primary  vapor  cloudlets.  The 
XYZ  positions  of  the  cloudlets  are  tracked  by 
the  potential  flow  model  to  determine  how  they 
interact  with  the  ship. 

Tracking  the  Secondary  Vapor 

Given  the  agent  mass  change  rate  per  unit 
time  of  a  liquid  agent  on  a  defined  surface, 
secondary  vapor  clouds  are  created  over  time 
to  approximate  the  evaporation  process.  Given 
that  the  surfaces  upon  which  an  agent  is 


deposited  may  be  quite  large  (>100  square 
meters),  the  simulation  breaks  each  con¬ 
taminated  surface  into  a  grid,  where  all  grid 
areas  are  equal.  The  center  of  each  of  these 
plane  grid  sections  is  considered  the  starting 
point  of  an  associated  secondary  vapor  cloud. 
Once  the  surface  position  of  each  vapor  cloud 
is  known,  the  height  above  the  surface  through 
which  the  cloud  is  distributed  is  computed. 
Using  the  turbulent  boundary  layer  theory,  the 
boundary  layer  thickness  is  computed,  and  the 
height  of  the  vapor  cloud  is  assigned  this  value. 

In  much  the  same  method  used  with  the 
primary  vapor,  the  change  in  mass  due  to 
evaporation  of  the  liquid  from  a  surface  is 
found  per  unit  time.  This  mass  difference 
becomes  the  mass  of  the  vapor  confined  in  the 
secondary  vapor  cloud.  The  cloud  volume  is 
determined  by  the  area  of  the  grid  section  and 
the  height  of  the  boundary  layer.  Using  the 
potential  flow  model,  the  XYZ  positions  of  the 
secondary  vapor  clouds  are  then  computed  at 
select  times  as  the  envelopes  interact  with  the 
airflow  about  the  ship. 

Final  Output  Files 

Given  the  positions  of  all  primary  and 
secondary  vapor  clouds  for  all  times  and  all 
vent  positions  on  a  ship,  the  time  at  which  any 
vapor  cloud  intersects  a  vent  is  calculated. 

Since  the  vapor  positions  are  along  a 
streamline  of  a  single  vapor  cloud,  and  the 
input  is  a  series  of  these  streamlines  or  tracks, 
an  equation  of  the  line  joining  two  points  on  a 
track  is  found.  This  track  line  segment 
(representing  the  motion  of  the  center  of  the 
vapor  cloud)  is  checked  against  all  vent  posi¬ 
tions.  If  this  line  is  within  a  vapor  cloud’s 
radial  distance  from  a  vent,  then  an  inter¬ 
section  is  said  to  have  occurred.  Using 
geometric  analysis,  the  time  that  the  vapor 
cloud  first  intersects  the  vent  and  the  time  that 
it  ceases  to  intersect  the  vent  are  found.  From 
this  we  may  determine  the  time  duration  of 
exposure  of  the  vent  to  the  vapor  cloud.  The 
data  from  the  primary  and  secondary  cloud 
interactions  with  the  vents  are  merged  and  the 
concentrations  are  added  whenever  more  than 
one  cloud  is  involved.  The  data  is  sorted  by 
vent  identification  and  by  time  (first  to  last)  to 
be  input  to  the  VENM  model. 

Graphics  Production 

An  executive  program  which  is  mouse  driven 
allows  a  user  to  enter  a  graphic  label,  deter¬ 
mine  the  identification  of  various  quads  on  the 
target,  and  show  the  track  of  a  liquid  cloud.  A 
program  called  Depshow.c  generates  a  three- 
dimensional  display  of  the  agent  as  it  is 


Xov'fj/  SurffjGf*  Warffir#?  Cfinlur  7>(:hnif;a/ 


be  integrated  into  the  force-level,  multi-warfare 
simulation  system,  ADMRALS. 


force  level.  This  was  the  task  assumed  by  the 
WSA&E  community. 
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deposited  on  the  vessel.  A  program  called 
Evapshow.c  generates  a  three-dimensional 
display  of  the  agent  as  it  evaporates  off  the 
vessel  surface.  Finally,  a  program  called  Cloud- 
show. c  generates  a  three-dimensional  display  of 
the  agent  cloud  track  as  it  interacts  with  the 
vessel  while  showing  the  deposition  and 
evaporation  of  the  agent.  Liquid  clouds  are 
displayed  as  shaded  images  colored  to  repre¬ 
sent  agent  particle  diameter.  Ship  areas  are 
colored  to  represent  the  amount  of  liquid  agent 
deposited  upon  surfaces.  Figure  3  is  an 
example  of  the  graphical  output.  A  legend  on 
the  left  describes  liquid  cloud  aerosol  radii, 
while  the  right  legend  describes  liquid  agent 
deposition  upon  the  ship.  This  example  shows 
a  small  CW  weapon  attack.  The  sea  surface 
grid  is  100  X  100  feet.  Figure  4  is  an  example 
of  a  large  weapon  CW  attack.  The  graphics  in 
these  figures  visually  depict  the  results  from 
CWNAVSIM.  They  are  extremely  useful  in 
determining  ship  design  parameters  and  opera¬ 
tional  doctrine  as  previously  discussed.  These 
graphics  amplify  the  effect  of  the  tabular  data 
output  from  CWNAVSIM  and  allow  an  analyst 
to  see  the  effect  of  CW  attacks  quickly. 

Determination  of  Internal  Agent 
Concentrations 

The  \'EN.M*’  was  developed  by  combining 
appropriate  portions  of  an  existing  NAVSWC 
model  (SHPPINI  and  a  McLean  Research 
Center  model  (kinetic  flow  model}.  The  VENM 
module  has  three  operating  modes;  DAWN 
interface,  homogeneous  cloud  traverse  (HCT). 
and  penetrating  hit  (PHI.  All  modes  output  a 
file  to  transfer  data  to  the  NURA  module. 

In  the  DAWN  interface  mode.  V'ENM  is 
driven  by  input  from  the  DAWN  module,  i.e.. 
the  target  is  under  attack  by  an  external  point 
nr  line  source.  In  the  HCT  mode.  VENM  is 
operated  in  a  stand-alone  manner  and  simulates 
the  target  ship  traversing  a  homogeneous  vapor 
agent  cloud  in  which  all  ventilation  inlets  see 
the  same  concentration  for  a  specific  time.  In 
the  PH  mode.  VENM  is  also  operated  as  a 
stand-alone  module,  but  now  simulates  a 
weapon  penetrating  the  ship  before  function¬ 
ing.  Operating  in  the  PH  mode  requires  the 
user  to  estimate  physical  damage  caused  by  a 
penetrating  hit.  since  this  is  not  calculated  by 
VENM.  Agent  can  enter  the  ship  through  two 
routes:  through  ventilation  inlets  (both  from 
external  vapor  and  vapor  exhausted  from  a 
ship's  ventilation  exhaust  system),  and  through 
penetrating  hit-breach  areas.  Agent  concentra¬ 
tion  in  breached  areas  is  considered  to  be  the 
sum  of  vapor  created  by  the  initial  functioning 
of  the  weapon  and  vapor  created  by  evapora¬ 
tion.  with  time,  of  liquid  released  by  the 


weapon.  Two  types  of  agent  vapor  plumes  are 
calculated:  a  plume  flowing  out  the  breached 
area  and  plumes  flowing  out  ventilation 
exhaust  vents.  All  plume  geometry  is  con¬ 
sidered  Gaussian  and  follows  laminar  flow  on 
the  external  surface  of  the  ship.  No  agent  loss 
to  .sea  spray  or  condensation  (AC  cooling 
devices)  is  calculated.  Ventilation  system 
material  conditions  are  used  during  transporta¬ 
tion  calcuH'ions. 

Determination  of  Mission  Degradation 

NURA  is  an  adaptation  of  the  Army  unit 
resiliency  model  (AURA)  developed  by  the  L'.S. 
Army’s  Ballistic  Research  Laboratory.  The 
AURA  detailed  description  is  left  to  the 
original  documents.'  The  difference  between 
AURA  and  NURA  is  in  the  data  bases.  The 
AURA  model  assumes  a  two-dimensional 
battlefield  with  assets  distributed  as  an  arm\ 
unit.  The  NURA  module  assumes  an  array  of 
ship  compartments  with  assets  dislributixi  as  a 
naval  unit. 

Typical  Results 

The  CWNAVSIM  yields  both  graphical  and 
tabular  output.  Previous  sections  detailed  the 
graphical  output,  which  dealt  with  liquid 
aerosol  clouds  and  liquid  deposition:  data  is 
also  available  in  a  tabular  format.  Many 
megabytes  of  tabular  data  are  output,  including 
agent  vapor  and  liquid  data,  dosage  data  out¬ 
side  and  inside  the  ship,  concentrations  outside 
and  inside  the  ship,  dosage  by  compartment, 
casualty  data,  and  ship  mission  degradation 
data.  Figure  5  illustrates  the  degradation  to  the 
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Figure  5.  Degradation  to  ship's  functional 
departments  caused  by  CW  attack. 
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ship's  functional  departments  caused  by  the 
CW  attack.  This  degradation  includes  the  effect 
of  CW  casualties,  the  degradation  caused  by 
replacement  of  experienced  casualties  with  less 
experienced  personnel,  and  shutting  down 
various  ship  systems  due  to  manpower  attri¬ 
tion.  It  can  be  seen  that  the  attack  can  have 
serious,  degrading  effects  with  time,  particular¬ 
ly  in  the  communication  unit.  This  is  probably 
due  to  casualties  to  personnel,  particularly 
experienced  people  needed  to  carry  out  vital 
command  functions.  While  not  as  significant, 
the  ship's  ability  to  conduct  combat  operations 
is  still  seriously  degraded.  It  is  clear  that 
current  and  future  ships  must  be  designed  for 
survivability  against  chemical  and  biological 
attacks. 

Summary 

The  CWNAVSIM  will  track  liquid  and  vapor 
CW  agents  from  the  point  of  functioning  to  a 
naval  target,  deposit  and  evaporate  liquid 
agent,  and  assess  the  degradation  of  ship's 
effectiveness.  Benefits  to  the  Navy  from  using 
the  CWN.AV'SIM  include  the  ability  to  quickly 
and  cheaply  determine  the  effects  of  CW 
attacks.  It  allows  design  engineers  to  determine 
the  best  location  for  CW  detectors  and  airlocks 
without  laborious  and  costly  physical  ship 
modifications  and  testing.  An  engineer  can  also 
size  the  filter  needed  for  collective  protective 
systems.  In  an  operational  sense,  vvhether  to 
decontaminate  the  ship  at  all.  or  parts  of  it,  can 
be  determined  by  shipboard  personnel  if  they 
can  run  this  simulation  on  the  ship.  Shipboard 
personnel  could  also  determine  when,  and 
which,  personnel  should  don  what  kind  of  pro- 
tecti\e  equipment.  CWNAVSIM  may  also  be 
used  as  a  CW  training  aid,  or,  in  non-CW 
applications,  it  can  track  friendly  missile  and 
gunfire  exhaust,  smoke  plumes,  and  toxic  spill 
plumes. 
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A  Standardized  Approach  for 
Implementing  Fiber  Optics  in  Navy 
Surface  Warfare  Systems 

D.  R.  Knudsen,  G.  D.  Brow'n  and  J.  P.  Ingold 


In  response  to  increasingly  stringent  requirements, 
technology  advances,  and  direction  from  the  Chief  of  Naval 
Operations,  the  Navy  is  beginning  to  use  fiber-optic  technology 
in  surface  warfare  systems.  This  article  addresses  the  particular 
fiber-optic  technology  that  the  Navy,  through  the  Naval  Sea 
Systems  Command’s  Fiber  Optic  Program  Office,  is  standardiz¬ 
ing  for  use.  The  article  stresses  the  importance  of  using  standar¬ 
dized  components  and  design  guidelines  and  describes  the  Naval 
Surface  Warfare  Center’s  (NAVSWC's)  contribution  to  that  effort. 
One  of  the  key  benefits  of  fiber  optics  is  a  reduction  in  compo¬ 
nent  types.  It  is  important,  therefore,  that  all  personnel  involved 
in  the  development  of  Nav'y  surface  warfare  systems  be  aware  of 
these  standards  so  this  benefit  can  be  realized. 


Introduction 

Fiber-optic  technology  in  conjunction  with  other  new  technologies  is 
beginning  to  be  incorporated  into  communications  and  control  in  Navy 
surface  warfare  systems.  Increasingly  stringent  requirements  provide  a 
continuous  need  for  quick  reaction  to  multiple  threats  in  severe  en¬ 
vironments.  These  requirements  dictate  highly  reliable  and  survivable  data 
communication  systems.  Fiber-optic  technology  can  meet  the  data  com¬ 
munication  needs  demanded  by  these  requirements.  The  Chief  of  Naval 
Operations  has  therefore  directed  the  use  of  fiber  optics  in  new  systems 
where  benefits  can  be  realized.  The  technology  has  been  proven  and  is 
ready  to  be  engineered  into  shipboard  systems. 

Fiber  optics  offer  many  benefits  for  naval  surface  combatants. The  use 
of  fiber  optics  allows  higher  data  transmission  rates,  reduces  electro¬ 
magnetic  interference  (EMI),  reduces  cable  weight  and  space  requirements, 
allows  systems  designers  greater  flexibility  in  the  design  of  systems,  and 
significantly  reduces  the  numbers  and  types  of  components  needed  for 
logistics  support  of  installed  systems. 

To  introduce  this  technology  efficiently  to  surface  warfare  systems  and 
achieve  the  maximum  benefits,  standardized  components  and  design 
guidelines  must  be  used.  If  different  components  are  used  on  different 
systems,  the  component  and  logistic  costs  will  increase  and  subsequently 
reliability,  maintainability,  and  availability  requirements  may  not  be  met. 

Data  Communications  Requirements 

Surface  warfare  systems  have  requirements  for  widely  varying  signal 
types,  including  voice,  video,  and  data.  Each  of  these  can  be  either  analog 
or  digital.  These  signals  can  all  be  handled  by  the  same  type  of  optical  fiber 
so  long  as  electrical  power  is  not  carried  along  with  the  signal.  This 
characteristic  is  a  tremendous  logistic  benefit,  but  achievable  only  if  fiber 
optics  are  implemented  in  a  standard  manner. 

Approach 

The  benefits  of  using  fiber  optics  were  discussed  in  a  paper^  that  iden¬ 
tified  three  essential  items  as  being  critical  to  the  beneficial  implementation 
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of  fiber  optics  in  surface  combatants.  These 
are;  a  system-engineered  cable  plant  that  meets 
the  needs  of  the  shipboard  systems;  com¬ 
ponents  that  meet  system  requirements;  and 
design  guidelines  to  assure  that  system  re¬ 
quirements  are  met.  The  concepts  for  an  effec¬ 
tive  fiber-optic  cable  plant  are  discussed  below. 

Fiber-Optic  Cable  Plant 

The  fiher-optic  cable  plant  consists  of  all  of 
the  trunk  fiher-optic  cables  and  fiber-optic 
interconnection  equipment  within  the  ship, 
including  connectors,  splices,  and  interconnec¬ 
tion  boxes.  The  fiber-optic  cable  plant  is  a 
totally  passive  system,  serving  only  to  transport 
optical  signals  physically  between  equipments 
(e.g.,  computers,  displays,  network  nodes). 

To  obtain  the  greatest  ship-wide  benefits  from 
fiber-optic  upgrades,  a  ship-wide  design  ap¬ 
proach  must  be  used.  Maximum  benefits  can 
be  obtained  by  designing  the  fiber-optic  cable 
plant  using  a  critical  compartment  interconnec¬ 
tion  box  approach. 

Description 

The  cable  plant  consists  of  trunk  cable  runs 
and  interconnection  boxes.  Trunk  cables  that 
optically  interconnect  critical  compartment 
interconnection  boxes  are  typically  run  through 


single-fiber  connectors  or  splices  within  an 
interconnection  box.  A  family  of  interconnec¬ 
tion  boxes  is  currently  in  development  that  will 
accommodate  a  maximum  of  144  connectors  or 
432  splices  per  box.  These  boxes  will  also 
accommodate  mixtures  of  connectors  and 
splices  in  the  same  box  with  variable  splices 
and  connector  counts.  A  typical  link  is  shown 
in  Figure  1. 

Another  term  that  has  been  used  to  describe 
the  cable  plant  is  Intercompartment  Cable  Ser¬ 
vice  (ICCS).  An  ICCS  was  installed  on  two 
Ticonderoga-class  guided-missile  cruisers,  USS 
Valley  Forge  (CG-50)  and  USS  Mobile  Bay 
(CG-53). 

ICCS  Concepts 

The  interconnection  box  approach  to  fiber¬ 
optic  connections  takes  advantage  of  the  fact 
that  many  types  of  signals  can  be  carried  on 
one  type  of  fiber.  This  characteristic  means 
that  only  a  few  types  of  components  are  re¬ 
quired  for  all  shipboard  applications,  which 
reduces  logistic  requirements.  Since  fibers  are 
naturally  immune  to  EMI,  electromagnetic 
pulse  (EMP),  and  other  electromagnetic 
perturbations,  multiple  fibers  may  be  run  in  the 
same  cable,  any  of  which  will  meet  the 
requirements  of  an  equipment  interconnection. 
Thus  multiple  signals  from  one  system  or 


Figure  1.  Typical  fibcj  optic  link. 


the  main  cableways.  Local  equipment  cables 
used  to  optically  connect  the  equipment  to  the 
cable  plant  at  the  compartment  interconnection 
box  are  not  typically  run  through  the  main 
cableways.  Trunk  cables  generally  have  higher 
fiber  counts  per  cable  than  do  local  cables.  In 
previous  installations,  8-fiber  cables  have  been 
used  for  trunk  cables,  while  2-  or  4-fiber  cables 
have  been  used  for  local  cables.  A  36-fiber 
cable  currently  under  development  may  be 
used  in  the  future  for  the  trunk  cable  applica¬ 
tion.  The  data  path  is  established  between 
equipment  by  connecting  fibers  in  the  local 
cables  to  common  fibers  in  a  trunk  cable  via 


multiple  systems  can  be  run  in  the  same  cable, 
which  further  reduces  cable  space  and  weight 
requirements.  These  characteristics,  together 
with  the  fact  that  long  runs  are  possible,  also 
reduce  routing  restrictions. 

In  addition,  because  the  transfer  from  elec¬ 
trical  cables  to  fiber-optic  cables  will  save 
space  and  weight  within  the  ship’s  cableways, 
spare  fibers  and  extra  trunk  cables  can  be 
pulled  at  the  time  of  ship  construction  to  serve 
as  survivable  spares  for  all  critical  fiber-optic 
cables.  In  the  event  of  fire  or  battle  damage, 
fiber-optic  systems  can  be  manually  recon¬ 
figured  by  the  ship’s  crew  from  the  damaged 
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cables  to  functional,  redundant  cables  at  each 
interconnection  box  location  (see  Figure  2). 

Similarly,  because  the  installed  fibers  will 
meet  the  requirements  of  most  future  systems, 
extra  cables  can  also  be  pulled  with  the  specific 
purpose  of  supporting  future  upgrades.  This 
pre-installation  of  cable  for  future  upgrades  will 
allow  quicker  and  much  less  costly  additions  to 
the  ship’s  capabilities  at  later  dates.  Also, 
systems  can  be  changed  or  replaced  and  still 
use  the  same  fiber-optic  cables  for  their  in¬ 
tended  lifetime. 

The  Naval  Sea  Systems  Command  is  under¬ 
taking  a  project  called  Fiber-Optic  Topology, 
the  objective  of  which  is  to  produce  documen¬ 
tation  and  qualify  components  needed  to 
design,  install,  maintain,  and  manage  a  fiber¬ 
optic  topology  (or  cable  plant).  Much  of  this 
information  is  equally  applicable  to  fiber-optic 
cable  dedicated  to  one  system.  The  products  of 
this  project  will  be: 

Design  Guidelines 
Installation  Procedures 
Maintenance  Plan 
GENSPEC  Update 
Gonfiguration  Management  Plan 
Navy  Training  Plan  &  Curriculum 
Life-Cycle  Management  Plan 
Qualified  Products  (Initial  set  by 
November  1993) 

The  importance  of  standardized  components 
becomes  readily  apparent  as  we  begin  to 
qualify  components.  The  qualification  of  com¬ 
ponents  is  a  long  and  expensive  process,  made 
more  complex  because  of  the  rigorous  surface 
warfare  environment.  The  full  range  of  specific 
environments  experienced  includes  operating 
temperature  extremes  from  -54  to  -t-65°C, 
humidity  levels  up  to  100  percent  relative 


humidity  (RH),  thermal  shock,  vibration,  high 
impact  shock,  transportation  shock,  electro¬ 
magnetic  interference,  electromagnetic  pulse, 
electrical  transients,  lightning,  magnetic  fields, 
acoustic  noise,  inclination,  radiation  (gamma 
and  neutron),  overpressure,  gun  blast,  wind, 
ice,  rain,  snow,  ultraviolet  radiation,  dust  and 
sand,  salt  spray,  corrosive  gases,  explosive 
gases,  fungus,  corrosive  fluids,  water  pressure, 
underwater  shock,  crush,  compression, 
acceleration,  and  mechanical  stresses  such  as 
twisting,  bending,  and  impact.  Each  component 
and  system  installed  aboard  a  Navy  surface 
combatant  (when  not  isolated  from  specific 
environments)  is  expected  to  be  able  to  with¬ 
stand  these  environments  without  interruption 
of  performance.  Each  of  these  environments 
influences  the  ultimate  design  of  each  compo¬ 
nent  and  each  item  of  equipment. 

Component  Performance 

The  performance  of  each  component  within 
the  surface  warfare  system  environment  is 
limited  to  changes  within  some  bounds.  In  the 
specifications  for  each  component,  the  base 
optical  performance  of  that  component  is 
specified,  as  well  as  the  response  of  the  compo¬ 
nent  to  each  particular  environment.  Con¬ 
sidered  separately,  the  tests  that  a  component 
must  undergo  are  not  extremely  hard  to  pass. 
However,  it  is  very  difficult  to  design  and  pro¬ 
duce  components  that  will  pass  the  conglom¬ 
erate  of  these  environmental  and  materials 
tests. 

Compounding  the  challenge  experienced  by 
manufacturers  in  developing  components  that 
perform  as  required  is  the  economic  issue.  The 
cost  of  conducting  a  full  set  of  tests  on  a 
particular  component  can  easily  run  into  the 
hundreds  of  thousands  of  dollars.  If  a  manufac- 
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turer  develops  more  than  one  type  of  compo¬ 
nent,  these  costs  are  multiplied.  For  this 
reason,  it  is  very  hard  for  small  manufacturers 
to  develop  products  in  this  market.  In  some 
cases  it  is  hard  for  any  manufacturer  to  justify 
the  costs  associated  with  product  development. 
It  has  required  a  close  association  between  the 
Navy  and  the  manufacturers  to  obtain  the  com¬ 
ponent  development  that  has  occurred  to  date. 
In  some  cases  the  Navy  performed  some  of  the 
tests  in  order  to  help  the  manufacturers  keep 
cost  at  a  minimum.4.5  These  efforts  have  been 
extremely  successful,  with  products  available 
for  all  of  the  basic  passive  components.  Most  of 
these  components  have  not  been  officially 
tested  and  qualified,  but  unqualified  products 
and  test  data  are  available  from  the  manufac¬ 
turers.  The  component  which  has  required  the 
greatest  amount  of  effort  in  development  is  the 
fiber-optic  cable.  Optical  cable  design  and 
manufacturing  processes  are  significantly  dif¬ 
ferent  from  those  ‘^or  electrical  cablea,  and  in 
some  cases  pose  a  significantly  greater 
technical  challenge  for  optical  cable  manufac¬ 
turers.  Specifically,  the  combination  of  Navy 
chemical  requirements  and  shipboard 
mechanical  requirements  for  the  cable  jacketing 
materials  presented  an  extremely  difficult  prob¬ 
lem  to  manufacturers— one  that  has  only 
recently  been  overcome. 

Tools  and  Test  Equipment 

The  requirement  for  tools  and  test  equipment 
for  installing  and  repairing  fiber-optic  cable 
and  connectors  makes  the  standardization  of 
fiber-optic  components  exceedingly  important. 
Different  fiber  external  diameters  require  dif¬ 
ferent  size  connectors.  Different  types  of 
connectors  require  different  tools  and  different 
test  equipment  adapters.  Transmitters  and 
receivers  operating  at  different  wavelengths 
require  different  test  equipment. 

Key  Cable  Plant  Component  Qualification 

The  paragraphs  below  describe  the  com¬ 
ponents  and  point  out  the  first  set  of 
components  to  be  qualified. 

Optical  Fiber 

Currently,  two  standard  fibers  are  recom¬ 
mended  for  use  in  Navy  systems  (per  MIL- 
F-0049291).  The  first  is  the  62.5-micron 
core/125-micron  cladding,  graded  index, 
multimode  fiber  developed  commercially  for 
intrabuilding  and  Local  Area  Network  (LAN) 
applications.  This  fiber  size  shows  advantages 
over  other  multimode  fiber  sizes  in  mechanical 
and  environmental  sensitivity,  and  is  the  least 
bend-sensitive  multimode  fiber.  For  shipboard 


interconnection  lengths,  this  fiber  is  capable  of 
handling  data  rates  up  to  approximately  1  GHz 
depending  upon  the  optical  source 
characteristics  and  the  exact  link  length. 

For  those  applications  where  the  data  capac¬ 
ity  of  the  multimode  fiber  is  inadequate,  the 
single-mode  fiber  is  recommended.  This  fiber 
was  developed  commercially  for  high  data  rate, 
long  length  commercial  telephone  trunk  lines. 

It  has  a  core  of  approximately  10  microns  and 
a  cladding  ot  125  microns.  The  data  capacity  of 
this  fiber  exceeds  many  GHz. 

It  should  be  noted  that  each  of  the  recom¬ 
mended  fibers  has  the  same  outside  diameter, 
so  the  same  connector  can  be  used  for  each 
application. 

Fiber-Optic  Cable 

The  design  of  a  fiber-optic  cable  for  a  surface 
warfare  system  is  influenced  by  many  factors, 
including  optical  performance,  environmental 
and  mechanical  performance,  human  factors, 
and  safety.  The  following  sections  discuss  the 
benefits  and  drawbacks  of  three  common  fiber¬ 
optic  cable  designs  (Figure  3)  with  regard  to 
those  factors.  The  general  requirements  that  a 
Navy  fiber-optic  cable  must  meet  are  given  in 
MIL-C-0085045. 

Cable  Performance 

Each  of  the  cable  designs  has  strengths  and 
weaknesses.  Any  design  to  be  used  in  a  surface 
warfare  system  must  meet  the  platform’s 
system  requirements.  Additionally,  the  cable 
must  meet  minimum  levels  of  performance  in 
safely  (e.g.,  low  smoke  generation,  low  toxicity, 
low  halogen  content,  flame  resistance),  durabil¬ 
ity  (e.g.,  able  to  withstand  shock,  vibration, 
mechanical  abuse,  fluids),  ease  of  installation 
and  repair,  and  optical  performance.  The  base 
optical  performance  of  a  particular  cable  design 
is  determined  by  the  optical  fiber  and  is  not  a 
primary  consideration  in  choosing  a  cable 
design.  All  the  other  factors  are  greatly  in¬ 
fluenced  by  the  specific  design. 

Safety.  The  safety  issue  is  roughly  equivalent 
for  each  of  the  cable  designs.  If  the  cable  is 
made  of  appropriate  materials,  the  cable  will  be 
safe.  The  same  materials  can  be  used  regardless 
of  the  cable  design  with  the  exception  of  the 
ribbon-cable  design.  A  new  material  with  the 
appropriate  mechanical  properties  would  have 
to  be  developed  for  the  inner  plastic  tube, 
because  the  current  material  will  not  meet 
Navy  halogen  content  and  toxicity  standards. 

Each  of  the  designs  can  be  very  durable 
when  properly  manufactured  and,  with  limited 
exceptions,  could  meet  all  shipboard  re¬ 
quirements.  The  most  notable  exceptions  are 
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OFCC  Cable 

A  fiber-optic  cable  consisting  of  in¬ 
dividual,  single-fiber  cables  called 
Optical  Fiber  Cable  Components 
(OFCCs)  laid  with  strength  members 
around  a  central  member  and  over- 
jacketed  for  environmental  and 
mechanical  protection.  OFCC  consists 
of  a  buffered  fiber  (900  microns  total 
diameter)  surrounded  by  strength 
members  and  a  protective  jacket  with 
an  outer  diameter  of  approximately  2 
millimeters. 


Stranded  Cable 

A  fiber-optic  cable  in  which  the 
buffered  fibers  (900  microns  total 
diameter)  are  stranded  down  the  center 
of  the  cable,  surrounded  by  strength 
members  and  a  protective  jacket. 


Ribbon  Cable 

A  fiber-optic  cable  in  which  multiple- 
coated  fibers  (typically  12  each)  with 
an  outer  diameter  of  250  microns  are 
sandwiched  in  a  linear  array,  called  a 
ribbon,  and  laid  down  the  center  of  the 
cable.  A  commercial  cable  may  contain 
up  to  17  ribbons.  The  ribbons  are 
surrounded  by  an  inner  plastic  tube, 
strength  members,  and  an  outer  protec¬ 
tive  jacket. 


Figure  3.  Fiber-optic  cable  designs. 


the  bending  performance  of  the  ribbon-cable 
design  and  the  waterblocking  performance  of 
both  the  stranded  and  the  ribbon  designs. 

Waterblocking.  Neither  the  commercially 
available  ribbon  nor  the  stranded  cable  design 
is  waterblocked  with  suitable  materials  (e.g., 
non-greasy,  non-tacky).  A  method  for 
waterblocking  both  the  ribbon  design  and  the 
stranded  design  will  need  to  be  developed  for 
use  in  a  surface  warfare  system.  It  is  expected 
that  the  stranded  design  will  show  better 
waterblocking  performance  than  the  ribbon 
design. 

Bending.  A  comparison  of  bend  performance 
of  the  different  designs  indicates  that  the 
minimum  bend  radius  of  the  ribbon  design  is 
approximately  2.5  times  that  of  both  the  strand¬ 
ed  and  the  OFCC  designs,  and  is  not  small 
enough  to  allow  unrestricted  installation  of  the 
ribbon-type  cable.  If  the  ribbon  cable  were 
waterblocked  with  appropriate  compounds,  it  is 
expected  that  its  bend  performance  would 
worsen. 

Human  Factors.  The  human  factors  elements 
for  each  design  are  widely  varied.  The  primary 
area  of  concern  for  human  factors  is  in  the 
breakout  of  individual  fibers  in  the  cable  plant 
interconnection  (junction)  boxes.  The  OFCC 
design  is  easiest  to  handle  because  each  fiber  is 
contained  within  its  own  subcable.  The 
stranded  design  is  almost  as  easy  to  use,  but 
the  individual  fibers  are  more  susceptible  to 
accidental  damage  because  they  are  not  pro¬ 
tected  as  in  the  OFCC.  The  ribbon  design  is  the 


hardest  to  handle,  because  the  individual  fibers 
show  high  susceptibility  to  damage  when 
separated  from  the  ribbon,  necessitating  the  use 
of  multifiber  connection  and  splicing  tech¬ 
niques  in  which  all  the  fibers  within  a  ribbon 
are  terminated  at  the  same  lime.  The  use  of 
multifiber  terminations  introduces 
maintenance,  reconfiguration,  and  repair 
problems. 

System  Requirements.  The  system  re¬ 
quirements  that  a  fiber-optic  cable  must  meet 
differ  depending  upon  the  platform  on  which  it 
will  be  installed.  For  some  surface  warfare 
systems,  the  primary  system  requirement  is  that 
there  shall  be  no  single  points  of  failure  within 
the  combat  system.  This  requirement  places 
severe  system  design  limitations  on  the  fiber¬ 
optic  cable  plant  design  if  different  combat 
system  elements  use  common  multifiber  con¬ 
nectors  or  splices  within  it.  The  multifiber 
connector  or  splice  becomes  a  single  point  of 
failure  for  multiple  systems.  For  those  par¬ 
ticular  platforms,  all  connections  within  the 
cable  plant  must  then  he  single-fiber  connec¬ 
tors.  Using  multifiber  connectors  or  splices  for 
terminating  the  ribbon-cable  design  violates  this 
basic  principle  for  those  platforms. 

Capacity.  The  ribbon-cable  design  has  the 
greatest  gross  fiber  capacity,  being  able  to  hold 
204  fibers  in  a  one-half-inch  cable.  For  the 
same  size  cable,  the  stranded  design  can  ac¬ 
commodate  approximately  48  fibers.  The  OFCC 
design  can  accommodate  approximately  12 
fibers  in  a  one-half-inch  cable. 
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In  summary,  the  OFCC  cable  design  was 
developed  for  shipboard  applications  and  meets 
all  shipboard  cable  requirements.  Its  only 
limitation  is  that  the  outside  diameter  increases 
quickly  with  increasing  fiber  count.  The  OFCC 
cable  design  is  realistically  limited  to  cables 
containing  fewer  than  24  fibers,  but  in  Navy 
applications  will  probably  never  exceed  12 
fibers.  The  stranded  cable  design  is  recom¬ 
mended  when  fiber  counts  within  a  cable 
exceed  the  realistic  limits  for  OFCC-type 
cables.  A  36-fiber  stranded  cable  based  on  a 
commercial  cable  design  is  currently  being 
planned.  The  primary  difficulty  with  this  cable 
design  is  in  meeting  the  waterblocking  re¬ 
quirements.  The  ribbon-cable  design  provides 
the  highest  density  cables  with  the  smallest  out¬ 
side  diameter.  The  ribbon  cable  has  the  poorest 
waterblocking  capabilities  of  the  three  cable 
designs,  and  may  violate  some  system  require¬ 
ments  depending  upon  the  platform  of  applica¬ 
tion.  The  ribbon  also  has  very  poor  bending 
properties  that  would  force  it  to  be  installed 
using  special  procedures.  Additionally,  new 
materials  that  meet  the  Navy  toxicity  nnd 
halojen  content  requirements  for  cables  would 
have  to  be  developed  for  the  inner  protective 
tube. 

Interconnection  Equipment 

Implementation  of  any  fiber-optic  conversion 
necessitates  the  use  of  fiber-optic  interconnec¬ 
tion  equipment.  The  type  of  interconnection 
equipment  needed  varies  with  the  specific 
implementation,  but  can  be  divided  into  three 
functional  groups,  namely,  single-fiber,  light 
duty  connectors  or  splices;  multifiber,  heavy 
duty  connectors;  and  interconnection  boxes. 
These  components  are  described  in  more  detail 
in  MlL-C-83522,  MIL-S-0024623,  MIL-C-28876, 
and  MIL-1-24728.  The  design  of  each  of  these 
components  was  chosen  in  order  to  optimize 
performance  for  the  application  in  which  they 
are  used,  as  well  as  to  minimize  problems  due 
to  human  factors. 

Single-Fiber  Light  Duty  Connectors.  The 

single-fiber  connectors  (per  MlL-C-83522/16)  are 
intended  only  for  use  inside  interconnection 
boxes  or  equipments.  They  are  not  intended  to 
be  subjected  to  harsh  treatment,  although  they 
do  meet  some  minimum  requirements  in  the 
areas  of  environmental,  mechanical,  and 
chemical  performance.  The  connectors  are  in¬ 
tended  to  be  durable,  yet  easy  to  engage  and 
disengage  when  reconfiguration  is  necessary. 
They  have  been  optimized  to  provide  high- 
grade  optical  performance  (typical  losses  of 
approximately  0.5  dB)  while  not  requiring  high 
skill  levels  for  installation  and  maintenance. 

The  single-fiber  connector  design  is  based  on 


the  commercial  ST  (straight  tip)  connector, 
which  has  a  bayonet  coupling  for  easy  engage¬ 
ment  and  disengagement.  To  assure  high-grade 
optical  performance,  tight  tolerances  are  main¬ 
tained  in  the  connector  ferrule  manufacturing 
process,  yielding  hole  sizes  with  a  1-micron 
tolerance.  The  ferrules  can  be  constructed  of 
ceramic,  stainless  steel,  glass,  or  composite 
materials,  but  are  typically  ceramic,  which  is 
preferred  because  of  tighter  tolerances  and  im¬ 
proved  environmental  performance. 

The  ST  was  chosen  as  the  basis  for  the 
single-fiber,  light  duty  connector  design  for  a 
number  of  reasons.  Primary  among  these  were 
human  factors  and  repeatability.  The  bayonet 
design  of  the  ST  allows  for  smaller  connector 
spacings  on  terminal  boards  and  optimizes 
maintenance  times  without  sacrificing  perfor¬ 
mance.  Furthermore,  because  of  the  keyed 
design,  connector  repeatability  is  much  greater 
than  that  of  the  other  competitive,  non-keyed 
designs. 

The  environmental  performance  of  the  ST 
was  investigated  at  NAVSWC.  The  temperature 
and  vibration  performance  of  the  connector  is 
comparable  to  other  single-fiber,  light  duty 
connectors.  The  spring-loaded  bayonet  design 
makes  the  connector  more  susceptible  to  shock 
than  some  other  connectors,  but  the  connector 
does  meet  the  specified  requirements  for 
multimode  fiber  (less  than  0.5  dB  change  in 
loss  during  the  shock  test).  For  single-mode 
fiber  the  connector  shows  a  high  shock  sen¬ 
sitivity  at  this  time.  Work  is  in  process  to 
improve  the  performance  of  the  connector  for 
both  fiber  types. 

Single-Fiber,  Light  Duty  Splices.  The  single¬ 
fiber  splices  (per  MIL-S-0024623)  are  also 
intended  for  use  only  inside  interconnection 
boxes  or  equipments.  Their  primary  purpose  is 
to  provide  a  higher  grade  optical  performance 
in  those  cases  when  the  single-fiber  connectors 
are  not  adequate.  In  general,  they  are  used 
when  connectors  would  introduce  too  much 
loss  into  the  system,  but  may  also  be  used 
when  low  reflection  interfaces  are  needed,  such 
as  for  high-speed,  single-mode  communications 
systems.  The  splice  is  intended  to  be  a  perma¬ 
nent  connection,  but  may  be  de-mated  and 
re-mated  to  another  splice  with  only  slight 
degradation  of  performance  should  emergency 
reconfiguration  become  necessary.  The  single¬ 
fiber  splice  design  is  based  on  the  commercial 
rotary  splice.  It  is  constructed  of  a  single  glass 
tube,  which  is  broken  into  two  pieces  during 
the  installation  process.  Each  half  of  the  tube  is 
terminated  in  much  the  same  way  as  a  connec¬ 
tor,  and  then  the  two  pieces  are  reassembled  as 
before  they  were  separated.  Since  both  halves 
of  the  splice  are  from  the  same  glass  tube, 
splice  losses  from  geometry  mismatches  of  the 
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splice  parts  are  minimized,  and  an  extremely 
low-loss  splice  results. 

The  environmental  performance  of  the  single¬ 
fiber,  light  duty  splice  was  also  investigated  at 
NAVSWC.  The  results  were  excellent;  the 
splice  showed  no  sensitivity  to  vibration  and 
minimal  sensitivity  (<0.2  dB  change  in  loss)  to 
temperature  and  shock. 

Muitifiber  Heavy  Duty  Connectors.  The 
multifiber  heavy  duty  connectors  (per  MIL- 
C-28876)  are  required  to  withstand  the  severe 
naval  environment  while  showing  only  limited 
performance  degradation.  They  are  intended  to 
be  used  to  connect  equipment  in  any  applica¬ 
tion  where  the  fiber-optic  connector  is  exposed 
and  not  housed  within  the  interconnection  box. 
These  connectors  are  expected  to  withstand  the 
full  rigors  of  the  Navy  shipboard  environment 
including  shock,  vibration,  temperature 
extremes,  fluids  including  salt  water,  and 
humidity.  The  connectors  are  also  expected  to 
withstand  the  mechanical  use  and  abuse  ex¬ 
perienced  daily  by  connectors  for  this  applica¬ 
tion.  The  design  of  the  connector  is  based  on 
existing  electrical  connectors  for  the  same 
application,  but  with  a  redesigned  insert  for  the 
connector  and  optical  termini  instead  of  elec¬ 
trical  contacts.  The  optical  termini  are 
removable  to  allow  limited  repair  capability 
and  cleaning,  if  necessary.  The  termini  ferrules 
are  constructed  similarly  to  the  light  duty  con¬ 
nector  ferrule  and  are  made  of  the  same 
materials,  typically  ceramic.  The  same  types  of 
tolerances  are  maintained  on  the  ferrule  hole 
size  to  assure  high-grade  optical  performance. 
The  backshells  of  the  multifiber  heavy  duty 
connector  are  designed  to  perform  all  cable 
strain  relief  so  that  no  stress  is  translated  to  the 
optical  interface  of  the  connector  when  stress 
is  applied  to  the  cable. 

Other  multifiber,  heavy  duty  fiber-optic  con¬ 
nectors  exist  in  addition  to  the  MlL-C-28876. 
Some  are  essentially  proprietary,  but  other 
MIL-SPEC  products  are  available  (e.g..  the 
optical  MIL-C-38999).  All  have  shown  problems 
of  one  type  or  another  to  date.  Typical  prob¬ 
lems  that  have  been  experienced  are  high 
initial  insertion  loss,  low  tolerance  of 
mechanical  abuse,  and  greatly  increased  loss 
with  repeated  matings  and  de-matings.  In  par¬ 
ticular,  for  the  MIL-C-38999,  the  inability  of 
different  manufacturers’  products  to  mate 
optically  is  a  primary  problem,  caused  by  the 
fact  that  the  connector  was  designed  with 
tolerances  intended  for  electrical  contacts,  but 
insufficient  for  optical  terminations. 

Interconnection  Boxes.  The  interconnection 
boxes  (per  MIL-I-24728)  are  also  intended  to 
withstand  the  full  rigors  of  the  Navy  shipboard 
environment  and,  to  the  maximum  extent  possi¬ 
ble.  to  protect  and  isolate  the  connectors  and 


splices  from  the  environment.  The  boxes  are 
modular,  with  current  versions  containing  one, 
two,  or  three  modules.  Each  module  may 
contain  up  to  48  connectors  or  144  splices. 
Connector  and  splice  modules  may  be  mixed  in 
the  same  box.  The  connectors  are  mounted  on 
a  flat  plate  which  slides  out  of  the  box  when  it 
is  opened  to  allow  for  easy  access  and  to 
minimize  the  chance  of  secondary  damage 
when  repairs  are  performed  within  the  box. 

The  splices  are  mounted  in  removable  drawers 
which  organize  the  splices  and  provide  limited 
mechanical  protection.  The  front  cover  of  the 
box  is  hinged  such  that  it  may  be  either  com¬ 
pletely  removed  from  the  box  or  held  out  from 
the  box  to  function  as  a  work  table.  Both  the 
connector  panel  and  the  splice  drawers  are 
securely  locked  into  place  when  the  cover  is 
closed  and  secured.  "The  design  of  the  box 
structure  itself  is  based  on  the  design  of 
existing  lightweight  electrical  interconnection 
boxes. 

Fiber-Optic  System  Design  Issues 

Standardized  design  guidelines  are  required 
because  of  the  way  the  Navy  procures  systems. 
When  requests  for  proposals  are  based  on 
a  system  design  specification,  the  impact  of 
the  shipboard  cable  plant  on  the  system  design 
must  be  specified.  Otherwise,  respondents  may 
make  different  assumptions  and  arrive  at 
designs  having  vastly  different  performance 
and  cost.  Two  such  issues  are  described 
below. 

Environmental  Considerations  in  System 
Design 

In  a  fiber-optic  system  for  a  surface  warfare 
system,  optimal  design  is  a  function  of  power 
budgeting.  In  a  benign  environment,  only  the 
base  component  performance  in  terms  of  op¬ 
tical  loss  is  taken  into  account.  An  additional 
safety  margin  is  added  to  the  calculated  system 
losses  to  take  into  account  component  aging 
and  any  unforeseen  environmental  or 
mechanical  effects.  Typical  commercial 
guidelines  recommend  that  the  safety  margin 
be  between  3  and  6  dB.  For  naval  applications 
this  margin  is  inadequate  because  of  the  wide 
range  of  environments  expected  and  the 
allowable  limits  of  component  degradation  in 
those  environments.  Furthermore,  in  the  sur¬ 
face  warfare  system  it  is  not  acceptable  for  a 
system  to  go  down  because  of  the  adverse  en¬ 
vironment.  It  is  quite  possible  that  the  occur¬ 
rence  of  the  worst  environmental  scenario  will 
coincide  with  a  combat  situation,  so  it  is  im¬ 
perative  that  the  system  perform  through  all 
realistic  environmental  scenarios. 
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In  order  to  account  for  the  environmental 
perturbations  that  a  shipboard  fiber-optic  link 
experiences,  a  new  method  of  calculating  the 
system  power  budget  was  developed.®  The  base 
performance  of  each  component  in  a  benign 
environment  is  still  used  to  calculate  system 
losses,  but  additional  terms  are  added  to  the 
power  budget  equation  to  account  for  en¬ 
vironmental  and  mechanical  effects.  In  effect, 
the  safety  margin  was  changed  from  a  set  value 
to  a  variable  quantity  that  changes  depending 
upon  the  nature  and  complexity  of  the  system 
being  designed.  This  new  variable  margin  is 
defined  by  the  following  equation; 

k 

M  =  3  dB  -(-  ^  njAj 

i  =  l 

where  n,  is  the  number  of  components  of  type  i 
in  the  system.  A;  is  an  environmental  correction 
factor  for  components  of  type  i,  and  a  set 
amount,  currently  3  dB,  is  added  to  account  for 
transmitter  and  receiver  aging  effects.  En¬ 
vironmental  correction  factors  for  each  compo¬ 
nent  have  been  calculated®  by  assuming  a 
worst-case  set  of  environments  that  would  act 
on  a  system  at  one  particular  time  and 
statistically  summing  the  optical  responses  of 
that  component  to  each  of  the  environments. 
The  environments  considered  in  this  worst-case 
scenario  were  temperaiure,  humidity,  shock, 
vibration,  bending  (cables  only),  compression 
(cables  only),  dust  and  sand,  and  mechanical 
stresses  such  as  impact,  twisting  (cables  only), 
and  tensile  stresses  (cables  only). 

As  the  component  responses  to  an  environ¬ 
ment  are  statistical  in  nature,  so  also  are  the 
environmental  correction  factors.  Therefore,  a 
system  designer  may  choose  to  what  degree 
(confidence  interval)  a  system  will  be 
environmentally  resistant  and  use  the  cor¬ 
responding  environmental  correction  factors. 
Initial  recommended  values  for  the  mean  and 
standard  deviation  of  the  correction  factor 
distribution  for  the  basic  shipboard  fiber-optic 
components  are  listed  in  Table  1. 

The  margin  calculated  by  using  these  values 
may  be  interpreted  as  follows.  The  mean 
response  of  a  component  represents  the  mean 
amount  of  power  that  a  group  of  similar  com¬ 


ponents  will  lose  in  the  assumed  worst-case 
environmental  scenario.  For  a  group  of  com¬ 
ponents  in  a  system,  the  sum  of  the  individual 
responses  can  be  interpreted  as  the  amount  of 
additional  optical  power  required  by  that 
system,  in  that  scenario,  to  ensure  a  baseline 
performance  for  some  percentage  of  occur¬ 
rences.  If  the  mean  responses  are  used,  this 
can  be  translated  to  mean  that  the  system  will 
maintain  its  pre-exposure  baseline  performance 
for  50  percent  of  occurrences  of  that  scenario. 
For  those  systems  which  do  not  meet  their  pre¬ 
exposure  baseline  performance,  there  will  not 
tend  to  be  total  loss  of  the  system,  but  rather 
some  sort  of  degradation  (e.g.,  increased  bit 
error  ratio  for  digital  systems  or  increased 
signal-to-noise  ratio  for  analog  sytems). 
However,  if  the  performance  of  enough  com¬ 
ponents  in  a  system  lies  at  the  high  extremes  of 
the  distribution,  or  if  the  system  shows  a  very 
quick  degradation  of  performance  with  de¬ 
creased  optical  power  (as  in  frequency 
modulated  systems),  total  system  loss  may  oc¬ 
cur.  The  percentage  of  occurrences  for  which 
no  system  degradation  is  allowed  is  a  function 
of  the  criticality  of  the  system. 

Modal  Effects  on  Power  Budgets  in 
Multimode  Systems 

A  final  subject  to  be  mentioned  is  the  impact 
of  the  ship’s  physical  characteristics  on  the  op¬ 
tical  design  of  fiber-optic  systems.  Shipboard 
systems  tend  to  be  short  (10  to  100  meter 
lengths),  highly  concatenated  applications.  Data 
transmission  rates  at  this  time  are  relatively 
low  (typically  less  than  10  megabits  per  sec¬ 
ond),  with  expected  near-term  data  rates  in  the 
few  hundred  megabits  per  second  range. 
Because  of  these  requirements,  as  well  as 
relative  cost  and  reliability,  multimode  fiber 
and  light-emitting  diodes  typically  have  been 
the  components  of  choice  and  probably  will  re¬ 
main  so  for  the  near  future.  This  combination 
of  components  and  short  length,  concatenated 
systems  imposes  some  unique  factors  on  the 
system  design  and  analysis  process.  Procedures 
and  techniques  which  work  in  system  power 
budgeting  and  bandwidth  budgeting  for  long- 
haul  (greater  than  2  kilometer)  systems  do  not 


Table  1.  Mean  and  Standard  Deviation  of  Environmental  Correction  Factor  Distributions 


Component 

Distribution  Mean 

Distribution  Standard  Deviation 

Cable  (Single-mode) 

1.33/km 

0.44/km 

Cable  (Multimode) 

1.35/km 

0.45/km 

Splice 

0.10 

0.03 

Heavy  Duty  Connector 

0.24 

0.08 

Light  Duty  Connector 

0.24 

0.08 
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give  accurate  predictions  for  short-length 
systems7  ®'3'^°  For  these  types  of  systems, 
system  performance  is  a  function  of  the  de¬ 
tailed  optical  characteristics  of  the  optical 
sources  used,  which  at  this  time  are  not 
predictable.  The  effect  that  this  has  on  system 
design  is  that  designers  tend  to  be  overly 
conservative  in  system  predictions,  which  in 
some  cases  increases  system  costs.  This  issue  is 
being  addressed  by  the  fiber-optic  community, 
and  a  generally  accepted  solution  may  be  near. 
As  single-mode  component  costs  continue  to 
decline  and  reliability  improves,  single-mode 
systems  may  become  the  design  of  choice  in 
the  future,  eliminating  this  design  issue. 

Conclusion 

The  use  of  standardized  components  reduces 
the  complexity  of  logistic  support  and  the 
amount  of  training  required  for  maintenance 
personnel.  System  designers  should  be  familiar 
with  standard  components  and  use  them  to  the 
maximum  extent  possible.  Design  guidelines 
are  important  in  designing  fiber-optic  hardware 
for  surface  warfare  systems,  especially  when  a 
shipboard  fiber-optic  cable  plant  is  used.  The 
development  of  these  guidelines  should  be  con¬ 
tinued,  and  they  should  be  included  in  system 
.specificalions. 

Acknowledgments 

The  authors  wish  to  acknowledge  the  support 
of  the  Fiber  Optics  Program  Office  (SEA 
06KR22)  and  the  .AEGIS  Shipbuilding  Program 
(PMS  400)  of  the  Naval  Sea  Systems  Command. 
The  authors  also  acknowledge  the  contributions 
of  the  staffs  of  these  offices  and  the  members 
of  the  AEGIS  Fiber  Optic  Working  Group. 


References 

1.  Owen,  D.  ].  and  Paxton,  ].  G..  Jr.,  “Overview  of  Fiber 
Optics  Applications  to  Navy  Surface  Platforms.” 
Military  Fiber  Optics  Conference  ’88-West,  Dec  1988. 

2.  Morais,  Robert  M..  “Implementation  of  Fiber  Optic 
Technology  in  Naval  Combatants,”  Marine  Technology. 
Vol.  24.  No.  1,  Jan  1987,  pp.  59-71. 

3.  Knudsen,  D.  R.,  et  al.,  “A  Ship-Wide  System  Engineer¬ 
ing  Approach  for  Fiber  Optics  For  Surface  Com¬ 
batants,"  Naval  Engineers  /ournal,  May  1990,  pp. 
127-137. 

4.  Brown,  G.  D..  et  al..  “Temperature  and  Humidity 
Testing  of  Fiber  Optic  Components.”  Fiber  Optics 
Be/iability.-  Benign  and  Adverse  Environments  III.  SPIE 
Vol.  1174,  Sep  1989. 

5.  Brown.  G.  D.,  et  al,.  “Vibration  Testing  of  Fiber  Optic 
Components.”  Fiber  Optics  Reliability;  Benign  and 
Adverse  Environments  HI.  SPIE  Vol.  1174.  Sep  1989. 

6.  Brown.  G.  D.  and  Anderson.  M.,  “Assigning  Loss 
Budgets  to  Fiber  Optic  Components  in  Adverse  En¬ 
vironments,"  Fiber  Optics  Relia.bility;  Benign  and 
Adverse  Environments  HI.  SPIE  Vol.  1174.  Sep  1989. 
pp.  177-181. 

7.  Koyomada.  Y.  and  Yamashita.  K..  “Launching  Condi¬ 
tion  Dependence  of  Graded-Index  Multimode  Fiber 
Loss  and  Bandwidth.”  Journal  of  Lightwave  Technology. 
Vol.  6.  No.  12.  Dec  1988.  pp.  1866-1871. 

8.  Cibotto.  S.  and  Someda.  C.  G.  "Bandwidth  Conrntrna 
tion  in  Multimode  Fibres:  A  Review.”  Journal  of  the 
Institution  of  Electronics  and  Telecommunicotions 
Engineers.  Vol.  32.  No.  4.  1986.  pp.  253-258. 

9.  Reitz.  P.  R..  et  al..  "A  Comparison  of  Loss  Measure¬ 
ment  Methods  With  Observed  System  Loss  in  Optical 
LAN  Links."  Fiber  Optics:  Short-Haul  and  Long-Haul 
.Measurements  ond  Applications',  SPIE  Vol.  559.  1985, 
pp.  163-169. 

10.  Brown,  G.  D.,  et  a)..  "The  Development  of  Steady  State 
Modal  Conditions  in  Short  Length  Concatenated 
Systems,”  Fiber  Opiics  ReliabiJity:  Benign  and  .Adverse 
Environments  II.  SPIE  Vol.  992.  1988.  pp.  161-167. 


Naval  Surface  Warfare  Center  Technical  Dige.st 


The  Authors 


DENNIS  KNUDSEN  received 
a  Ph.D.  in  physical  chemistry 
from  North  Dakota  State 
University  in  1970.  At  the 
Center  from  1970  to  1986,  he 
developed  shipboard  equip¬ 
ment  for  vapor  and  radioac¬ 
tive  particle  detection, 
methods  for  testing  protective 
clothing  for  torpedo  workers, 
and  methods  for  the  thermal 
destruction  of  hazardous 
wastes.  As  head  of  the 
Photonics  Group  in  the  Com¬ 
bat  Systems  Department  for 
the  past  four  years,  Dr.  Knudsen  has  directed  projects  for 
the  AEGIS  Shipbuilding  Program  and  the  NAVSEA  Fiber 
Optic  Program  Office.  His  projects  involved  fiber-optic 
component  development  and  system  implementation  issues. 
He  has  been  active  in  the  AEGIS  Fiber  Optic  Working 
Group,  serving  as  the  chairman  of  a  group  to  evaluate  fiber 
optic  candidates  for  future  Arleigh  Burke  class  destroyers. 
Recently  he  has  been  involved  with  focused  technology 
efforts  in  optical  and  molecular  computing.  Dr.  Knud.sen  is 
a  member  of  the  .America.?  Chemical  Society. 


GAIR  BROWN  graduated 
summa  cum  laude  in  May 
1985  from  West  Virginia 
Institute  of  Technology  with  a 
B.S.  in  physics  and 
mathematics.  He  has  worked 
in  the  Fiber  Optics  Group  at 
the  Naval  Surface  Warfare 
Center  since  June  1985,  con¬ 
centrating  on  shipboard  cable 
plant  design,  specifications 
I  and  standards,  and  light 
launch  conditions  for  ship¬ 
board  applications.  He  is  cur¬ 
rently  pursuing  an  M.S.  in 
physics  from  Virginia  Polytechnic  Institute  and  State 


University. 


lOSEPH  INGOLD  received  a 
B.S.  degree  in  physics  (1985} 
and  an  .M.S.  degree  in  elec¬ 
trical  engineering  with  con¬ 
centration  in  fiber  optics 
( 1990)  from  \'irginia 
Polytechnic  Institute  and 
State  University.  Since  join¬ 
ing  the  Naval  Surface  W'ar- 
fare  Center  in  198.5,  he  has 
worked  in  the  Photonics 
Engineering  Group  of  the 
Combat  System  Technologies 
Branch,  performing 
environmental  tests  on  fiber¬ 
optic:  components  and  shipboard  experiments  on  fiber-optic 
sensors  and  data  transfer  .systems. 


\’nv(i/  Siirfoce  Wfirhin-  OntfT  Technical  Dige.sf 


An  Integrated  Artificial  Neural  System 
for  Target  Identification 

Thomas  Holland,  Tom  Tarr  and  All  Farsaie 


A  system  has  been  developed  which  successfully  blends  the 
strengths  of  digital  image  processing  with  the  advantages  of 
Artificial  Neural  Systems  (ANS)  to  achieve  target  identification 
in  non-optimum  environments.  Infrared  (IRJ  video  images  of  five 
different  military  vehicles  provide  a  data  base  of  targets.  These 
images  were  digitized  and  preprocessed  by  means  of  conven¬ 
tional  digital  image  processing  techniques.  A  novel  ANS  model 
was  developed  to  analyze  certain  features  of  the  images  and  per¬ 
form  classification  of  the  targets.  Tests  on  actual  IR  target 
images  demonstrated  that  the  system  is  capable  of  correctly  iden¬ 
tifying  any  of  the  five  targets  to  an  accuracy  of  86  percent, 
independent  of  target  orientation  and  location  within  the  scene. 

This  effort  demonstrates  a  unique  technology  capable  of  identi¬ 
fying  genuine  targets  in  a  degraded-image  scene.  The  system 
neither  requires  development  of  target-specific  algorithms,  nor  is 
it  subject  to  human/physical  limitations.  Furthermore,  the  results 
demonstrate  that  this  capability  is  attainable  with  current 
state-of-the-art  computation  and  sensor  technology. 


Introduction 

This  article  describes  an  effort  to  develop  capability  to  perform  classifica¬ 
tion  of  mobile,  land-based  targets  in  a  man-portable  system  configuration. 
The  objectives  were  to;  (1)  study  the  performance  of  an  artificial  neural 
system  for  identification  of  targets  acquired  from  an  infrared  imaging 
dev  ice,  and  (2)  investigate  integration  of  an  artificial  neural  system  into  an 
advanced  surveillance  prototype.  This  article  deals  with  the  system-level  in¬ 
tegration  and  implementation  issues;  specific  supporting  technologies  are 
described  in  a  Naval  Surface  Warfare  Center  (NAVSWC)  technical  report. i 
The  article  covers  seven  major  sections.  The  first  section  presents 
background  information  on  target  recognition  problems.  The  second  section 
covers  the  nature  of  the  targets  used  for  this  study.  The  third  section  details 
the  equipment  used  during  this  study.  The  fourth  section  discusses  the 
Artificial  Neural  System  (ANS)  algorithm  used  for  the  investigation.  The 
fifth  section  covers  the  design  methodology  of  the  ANS  software  develop¬ 
ment.  The  sixth  section  presents  the  system  configuration  and  describes  the 
military  prototype  hardware  in  which  the  ANS  is  embedded.  The  seventh 
section  presents  results  of  tests  on  field  data  and  offers  recommendations 
and  conclusions. 

Background 

The  Special  Projects  group  of  NAVSWC's  Gun  Ammunition  Branch  has 
been  actively  pursuing  a  United  States  Marine  Corps  development  program, 
the  goal  of  which  is  to  produce  an  advanced  observation  system  consisting 
of  man-portable,  multi-sensor,  multi-processor  based  target-acquisition 
equipment.  The  intent  of  this  Forward  Observer  Support  Technology  pro¬ 
gram  is  to  demonstrate  target  observation,  provide  surveillance  for  target 
reconnaissance  purposes,  and  support  the  direction  of  indirect  fire 
weapons.  The  policy  of  this  effort  has  been  to  take  advantage  of  the  latest 
technologies  in  order  to  provide  the  functionality  of  battlefield  observa- 
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fion  in  a  compact,  man-portable  and  automated 
fashion. 

The  task  of  battlefield  observation  is  often 
carried  out  under  adverse  observational  condi¬ 
tions  and  is  subject  to  obscurants  between  the 
observer  and  the  area  observed.  It  has  been 
conjectured  that  the  use  of  an  IR  sensor  (either 
alone  or  with  a  visible  light  sensor),  along  with 
the  appropriate  processing  by  an  ANS  used  in 
conjunction  with  conventional  image  process¬ 
ing  techniques,  would  allow  the  inhibitory  ef¬ 
fects  of  most  obscurants  to  be  negated.  Further¬ 
more,  observational  capability  would  be  greatly 
enhanced  by  reducing  the  effects  of  human  fac¬ 
tors  (e.g.,  fatigue,  physical  trauma)  which  fur¬ 
ther  complicate  and  inhibit  an  observ'ation 
mission. 

Target  Image  Data 

The  data  used  for  this  study  consisted  of 
images  of  five  United  States  Marine  Corps 
vehicles  acquired  at  oblique  horizontal  angles 
using  an  infrared  line  scan  imaging  device. 
Images  were  acquired  at  midday  under  bright 
sunlight  with  a  background  of  forest  and,  in 
the  foreground,  a  grassy  field.  All  vehicles  were 
at  normal  operating  temperature  and  in  opera¬ 
tion  during  imaging. 

The  complete  image  set  consists  of  seven 
images  of  each  of  the  five  vehicles  taken  at 


15-degree  increments,  with  0  degree  being 
broadside  the  vehicle  and  90  degrees  being 
head-on  (Figure  1).  The  five  vehicles  imaged 
were  the  M60A  Main  Battle  Tank,  Light 
Armored  Vehicle  (LAV)  8X8,  Amphibious 
Assault  Vehicle  (AAV7A1),  Hummer  M998 
High-Mobility,  Multi-purpose  Wheeled  Vehicle 
(HMV),  and  a  5-ton  truck  (Figure  2). 

These  early  image  acquisitions  were  selected 
to  offer  ideal  images  in  a  real  environment,  the 
intent  being  that  the  system  would  be  able  to 
generalize  from  these  images  in  order  to  pro¬ 
vide  accurate  target  identification  when  images 
are  severely  degraded.  Training  and  testing  of 
the  A.MS  later  in  the  development  identified 
certain  inadequacies  in  the  acquisition  of  the 
training  set.  For  example,  images  were 
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Figure  1.  Target  aspect  angles  (degrees). 
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Figure  2.  Military  targets  of  interest. 
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sum  01  vapor  created  by  the  initial  functioning 
of  the  weapon  and  vapor  created  by  evapora¬ 
tion,  with  time,  of  liquid  released  by  the 


Figure  5.  Degradation  to  ship’s  functional 
departments  caused  by  CW  attack. 
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acquired  at  a  range  of  approximately  30  meters; 
however,  line  scan  was  varied  to  fill  the  scan 
frame  with  the  target  image.  This  produced 
scaling  artifacts  in  which  relative  scales  be¬ 
tween  targets  were  not  maintained. 

Equipment  Description 

Figure  3  illustrates  the  arrangement  of  the 
image  acquisition  hardware.  The  IR  camera 
was  an  Inframetrics  Model  522  Infrared 
Thermal  Imaging  System  consisting  of  a  liquid- 
nitrogen-cooled,  mercury-cadmium-telluride 
(HgCdTe)  image  sensor  and  its  associated  con¬ 
trolling  electronics.  The  image  sensor  is  line 
scanned  at  a  30-Hz  frame  rate  with  200  lines 
per  frame.  The  infrared  spectral  range  is  3  to 
5.6  ,um. 

Both  infrared  and  visual  images  were  record¬ 
ed  on  VHS  standard  video  tape  to  facilitate 
image  study  in  the  laboratory.  Images  were 
converted  to  digital  forma  .  sing  a  Data 
Translation  DT2861  Arithmetic  Frame  Grabber 
in  an  IBM-PC/AT-compatible  host,  achieving  a 
digital  resolution  of  512  x  512  pixel  elements 
with  256  gray  levels  per  pixel.  Figure  4 
presents  a  functional  block  diagram  of  a  frame- 
.grabber  board.  A  video  signal  is  converted  to  a 
digital  tormat  many  times  each  second  using 


an  analog-to-digital  converter.  Multiplexers 
(MUX)  allow  digitized  data  to  come  from  either 
video  input  or  the  frame-store  buffer.  Each 
digital  value  passes  through  an  input  look-up 
table  (LUT)  as  it  comes  in,  allowing  an  initial, 
on-the-fly  translation  of  the  data.  An  arithmetic 
logic  unit  (ALU)  can  then  perform  a  variety  of 
calculations  and  logic  functions  on  the  data, 
which  may  be  used  in  conjunction  with  a 
Result  LUT  to  provide  rapid  implementation  of 
many  mathematical  functions.  This  process  is 
repeated  512  times  for  each  horizontal  video 
line  in  each  video  frame.  Each  video  frame  is 
then  stored  in  a  frame-store  buffer.  The  con¬ 
tents  of  each  frame-store  buffer  may  be  fed 
back  into  the  input  LUT  for  later  processing  by 
the  ALU,  or  they  may  be  used  in  conjunction 
with  incoming  data.  (For  instance,  the  incom¬ 
ing  data  and  a  previous  frame  of  the  same 
scene  may  be  passed  through  an  exclusive-OR 
operation  to  reveal  only  that  which  has 
changed  in  the  scene.) 

The  DT2861  iiame  grabber  contains  4 
megabytes  of  frame  store  memory,  allowing 
storage  of  16  images.  The  onboard  ALU  and 
input  LUT  provide  the  means  to  process  any  of 
the  16  images  stored  onboard  in  real  time 
(approximately  30  times  a  second),  as  well  as 
images  actively  being  digitized.  This  capability- 
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allowed  laboratory  experimentation  with  direct 
applicability  to  real-time  implementation.  The 
frame-grabber  board  resided  within  an  IBM- 
PC/AT-compatible  computer.  ImagePro,  an 
image  processing  software  package  from  Media 
Cybernetics,  Inc.,  was  used  to  examine  various 
image  parameters  in  order  to  determine  a 
suitable  preprocessing  heuristic.  The  NTSC 
(National  Television  System  Committee)  stand¬ 
ard  video  from  the  video  cassette  recorder  was 
input  to  the  frame  grabber  and  the  result 
displayed  on  an  analog  KGB  (red-green-blue) 
monitor. 


ANS  Algorithm 

.A.NS  technology  provides  a  number  of  tools 
which  could  form  the  basis  for  a  potentially 
fruitful  approach  to  the  recognition  problem.  It 
pro\  ides  powerful  collective  and  computational 
techniques  for  designing  a  robust  target 
recognition  system.  The  technology  utilizes  a 
no\el  pattern  recognition  process  to 
demonstrate  invariant  pattern  recognition, 
robustness  to  noise,  obscuration  and 
i:amouflage. 

The  elements  that  combine  to  determine 
system  performance  are:  spatial  resolution  of 
the  sensor:  the  features  extracted  from 
signatures:  the  structure  of  the  classifier  and,  in 
this  case,  the  A.NS,  With  an  ANS,  important 
issues  have  to  do  with  optimizing  the  network 
structure  in  terms  of  the  learning  algorithm 
and  the  number  of  connections. 

.\  hybrid  network  incorporating 
c;haracteri.stics  of  supervised  Kohonen,-  Har- 
tigan.*  and  .-\daptive  Resonance  Theory .■•  was 
used.  The  network  is  shown  st:hematically  in 
Figure  5.  Initially,  the  network  consists  of  one 


neuron  (i.e.,  a  single  computational  element  in 
an  artificial  neural  network)  for  the  first  target 
in  the  training  set.  This  neuron  has  a  sphere  of 
influence  set  at  some  large  value.  As  more  ex¬ 
amples  are  presented  to  the  network,  the 
following  steps  are  taken; 

1.  The  radius  of  the  sphere  of  influence  of  a 
neuron  may  be  decreased.  This  occurs  if  a 
training  example  not  of  the  type  represented  by 
the  neuron  falls  within  the  influence  of  that 
neuron. 

2.  The  node  center  of  the  neuron  is  adjusted  in 
the  manner  described  by  Kohonen. 2  This  allows 
the  node  center  of  the  neurons  to  seek  the 
statistical  center  of  the  data  represented  by  that 
neuron.  A  neuron  that  fires  incorrectly  has 
both  its  radius  of  influence  decreased  and  its 
node  center  shifted. 

3.  A  new  neuron  may  be  added.  This  occurs  if 
a  training  example  does  not  fall  within  the  in¬ 
fluence  of  any  currently  active  neuron  and 
nearest-neighbor  classification  of  the  training 
example  is  incorrect.  When  the  new  neuron  is 
added,  the  features  of  its  node  center  are  set  to 
the  values  of  the  training  example  and  its 
radius  of  influence  is  set  to  some  large  number. 

In  addition,  if  the  training  set  is  finite,  logic 
can  be  included  to  ensure  that  all  neurons  iden¬ 
tify  at  least  one  member  of  the  training  set. 

This  can  happen  if  the  updating  procedure 
described  above  pushes  the  node  center  too  far 
away  from  the  data  early  in  the  training.  If  the 
neuron  does  not  fire  for  any  training  pattern,  it 
is  disabled  and  used,  if  needed,  at  a  later  time. 

Methodology 

This  effort  encompassed  definition  of  hard¬ 
ware.  system  design  and  integration,  and  ex¬ 
amination  and  implementation  of  an  ANS 


Figure  5.  Simplified 
diagram  of  the  hybrid 
network. 
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algorithm  to  produce  a  system  which  could  be 
integrated  into  an  advanced  target  acquisition 
prototype.  Special  attention  was  given  to  op¬ 
timizing  input  data  to  the  ANS  in  order  to 
reduce  system  computational  requirements  and 
so  increase  system  throughput  and  decrease 
system  training  time.  Figure  6  depicts  the 
methodical  approach  of  system  development. 

Acquired  images  were  digitized  and  then 
digitally  processed  to  eliminate  extraneous  in¬ 
formation.  Commercially  available  image  pro¬ 
cessing  hardware  and  software  algorithms 
allowed  the  use  of  established  feature  extrac¬ 
tion  methods  with  near  real-time  performance; 
however,  human  judgment  was  required  to 
monitor  background  and  foreground  elimina¬ 
tion  in  order  to  prevent  excessive  loss  of  target 
information.  A  heuristic  method  was  developed 
to  separate  the  target  within  the  image  frame 
from  its  surroundings.  Histogramming  and  con¬ 
trast  enhancement  were  employed  in  the 


heuristic,  resulting  in  a  set  of  binary  target  im¬ 
ages,  as  shown  in  Figure  7.  The  image  resolu¬ 
tion  of  262,144  8-bit  pixel  elements  prohibited  a 
neural  network  simulation,  running  on  the  in¬ 
tended  hardware,  from  processing  these  images 
with  anything  near  real-time  performance. 
Earlier  experience  indicated  that  ANS  training 
cycles  on  input  matrices  of  this  order  proved 
too  lengthy  for  the  time  frame  of  this  study. 
Furthermore,  it  was  the  hypothesis  of  this 
study  that  any  target  of  interest  would  have 
suitable  statistically  distinguishable 
characteristics  that  would  allow  conventional 
image  processing  methods  to  reduce  the  quanti¬ 
ty  of  data  needed  to  determine  the  target’s 
identity. 

This  hypothesis  led  to  an  examination  of 
various  methods  of  image  compression  and 
feature  extraction  in  order  to  reduce  the 
number  of  inputs  to  the  ANS.  A  procedure  for 
selection  and  extraction  of  features  was 


Figure  6.  System  development. 
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Figure  7.  Binary  images  of  targets. 
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developed.  This  provided  a  set  of  feature 
vectors  called  “theta  neighbors”  for  use  with 
the  neural  network  model. 

The  theta-neighbor  vector  is  made  up  of 
multiple  elements.  The  first  element  is  the 
number  of  pixels  in  the  target  frame  that  have 
a  value  of  one.  The  remainder  of  the  elements 
are  determined  by  performing  logical  AND 
operations.  For  each  pixel  in  the  frame,  a 
logical  AND  of  pixels  is  performed;  the  original 
pixel  position  ANDed  with  the  pixel  rotated  by 
theta  degrees  about  the  center  of  mass  of  the 
target.  By  rotating  the  target  through  more 
theta  angles,  one  can  create  a  more  detailed 
theta-neighbor  vector,  potentially  allowing 
targets  that  are  similar  in  appearance  to  have 
separable  features. 

The  hybrid  network  described  previously  was 
implemented  for  target  recognition.  All  targets 
at  certain  given  angles  were  used  for  training. 
The  network  exhibited  ability  to  recognize 
targets  during  testing  viewed  from  angles  not 
included  as  part  of  the  training  set.  As  an  ex¬ 
ample,  in  Table  1  the  network  was  trained  on 
only  two  angles,  zero  and  45  degrees,  but  was 
tested  on  five  angles,  zero  through  60  in 
15-degree  increments.  The  network  correctly 
identified  over  83  percent  of  the  tested  targets. 
This  shows  that,  training  on  only  40  percent  of 
the  data  set,  an  accuracy  of  over  83  percent 


Table  1.  Test  Results  of  the  Hybrid  ANA 


Trained 
Angle  (deg) 

Tested 

Angle 

(deg) 

No.  of 
Neurons 

%  Correct 
Classifi¬ 
cation 

0.  45 

0  -  60 

10 

83.2 

15,  45,  75 

0  -  75 

19 

86.3 

0,  30, 45,60, 90 

0  -  90 

25 

85.7 

was  achieved  using  the  entire  data  set.  It  was 
also  noted  that  less  than  half  of  the  25  allowed 
neurons  were  used  in  this  process.  When  the 
network  was  trained  using  three  angles,  15,  45, 
and  75  degrees,  and  tested  on  six  angles,  zero 
through  75  in  15-degree  increments,  over  86 
percent  correct  target  identification  was  achiev¬ 
ed.  The  slight  decrease  in  percent  correct  when 
the  network  was  trained  on  five  angles  and 
tested  on  all  seven  is  believed  to  be  due  to  the 
.scaling  artifact  problem  which  occurred  during 
original  data  gathering.  In  general,  the  hybrid 
network  using  theta  neighbor  extracted  features 
demonstrated  great  promise  for  target  recogni¬ 
tion  applications. 

System  Overview 
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Figure  8  depicts  the  system  implementation 
at  its  highest  level.  Here  an  ANS  is  trained  on 
a  representative  set  of  targets  maintained  in  a 
target  data  base.  Once  the  ANS  is  trained,  it  is 
transferred  to  the  real-time  system.  Scenes  ac¬ 
quired  by  the  real-time  system  are  preprocessed 
according  to  the  heuristics  developed  and  then 
presented  to  the  hybrid  network  for  classifica¬ 
tion.  The  output  of  the  network  indicates  the 
target  identity. 
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Figure  8.  System  implementation. 


69 


.Wno/  ,Stirffir»’  W'nrUirv  Onffr  7V?rhnirfj/ 


Forward  Observer  Support  Technology,  a 
United  States  Marine  Corps  development  pro¬ 
gram  being  pursued  at  NAVSWC,  is  developing 
man-portable  target  observation  and 
surveillance  equipment  for  target  recon¬ 
naissance  and  the  direction  of  indirect-fire 
weapons.  One  of  the  major  subsystems  central 
to  this  development  is  the  Host  Integration  Pro¬ 
cessor  (HIP),  an  IBM-PC/AT-compatible  com¬ 
puter  system  responsible  for  high-level  data 
handling  and  user  interface  to  the  various  com¬ 
ponents  of  the  system  (Figure  9).  The  HIP  was 


and  neoteric  ANS  technology  to  accomplish 
near  real-time  target  identification.  The  system 
demonstrated  that  this  capability  is  achievable 
with  current  off-the-shelf  components,  and 
therefore  indicates  that  even  better  perform¬ 
ance  may  be  obtained  through  the  use  of 
emerging  processing  technologies.  The  system 
configuration,  heuristic  algorithms,  and 
artificial  neural  system  are  robust  in  that  they 
can  be  implemented  with  improved  perform¬ 
ance  directly  proportional  to  the  improvements 
in  the  hardware  components.  For  example,  the 


Handheld  Entry  and  u  .  ,  .  n 

Acquisition  Device  (Head)  Integration  Processor  (HIP) 

Figure  9.  Resulting  system  configuration. 


targeted  as  a  prototype  testbed  for  the  ANS- 
based  target  identification  system  for  three 
reasons:  the  HIP  is  central  to  a  target  observa¬ 
tion  system  that  is  easily  adapted  to  new  obser¬ 
vation  hardware  (e.g..  lenses,  cameras,  image 
processing  hardware);  th^  HIP  is  at  an  early 
stage  of  development,  which  facilitates  software 
and  hardware  integration;  and  the  IBM-PC/AT 
standard  offers  a  wide  selection  of  hardware 
and  software  development  tools  and  allows  in¬ 
vestigation  and  development  to  be  pursued 
with  any  existing  IBM-PC/AT. 

Conclusiuns  and  Recommendations 

The  neural  network  model  provides  the 
capability  of  training  the  system  on  a  represen¬ 
tative  subset  of  a  desired  target  family  without 
requiring  that  all  possible  image  scenes  be 
presented.  Tests  on  real  infrared  target  images 
have  shown  the  system  to  be  capable  of  cor¬ 
rectly  identifying  any  of  the  five  targets 
considered  to  an  accuracy  of  greater  than  86 
percent. 

The  resulting  system  combined  the  respective 
strengths  of  modern  digital  image  processing 


current  state-of-the-art  infrared  imaging  devices 
provide  image  resolution  in  excess  of  300 
television  lines,  three  times  that  used  for  this 
study,  and  so  would  provide  more  distin¬ 
guishable  target  features  for  input  to  the 
system.  Recent  advances  in  digital  computer 
technology  have  increased  the  processing  speed 
of  typical  personal  computers  by  over  500  per¬ 
cent  from  the  “super  desktops”  of  just  four 
years  ago.  Analog  implementations  of  artificial 
neural  systems  are  presenting  unprecedented 
associative  processing  capabilities. 

Further  work  is  needed  to  realize  fully  the 
system’s  capability.  Because  of  the  limited 
scope  of  this  investigation,  certain  issues  could 
not  be  considered.  The  researchers  could  find 
no  previous  studies  relating  to  image-degrading 
phenomena  (meteorological  conditions,  bat¬ 
tlefield  smoke,  camouflage,  etc.)  in  these  terms. 
Also,  nighttime  target  images  need  to  be  includ¬ 
ed  in  the  target  data  base.  This  would  eliminate 
sun  heating  effects  and  might  prove  that 
daytime  images  with  secondary  heating  from 
the  sun  need  not  be  considered,  as  each  IR 
image  would  consist  of  only  target  primary 
heat  sources. 


Noval  Surface  Warfare  Center  Technica/  Di^?est 


2.  Kohonen,  T.,  Se/f-Organization  and  A.^ociative  Memory. 
Second  Edition,  Springer-Verlag,  Co.,  New  York,  NY, 
1987. 

3.  Hartigan,  J.  A.,  Clustering  Algorithms.  |ohn  Wiley  & 
Sons.  New  York.  NY.  1975. 

4.  Lippman.  Richard  P..  “An  Introduction  to  Computing 
vwl;h  Neuial  Nets.”  IP^E  ASSP  Magazine,  Vol.  4.  No.  2, 
April  1987.  pp.  11-13. 

References 

1.  Tarr.  T.,  Holland,  T..  Farsaie.  A..  Development  of  an 
Artificial  Neural  System  for  JR  Target  Recognition. 

NAVSWC  TR  91-72.  NAVSWC.  White  Oak.  MD.  1  Feb 
1991. 


The  Authors 

THOMAS  HOLLAND  receiv¬ 
ed  his  undergraduate  degree 
in  electrical  engineering  from 
Tennessee  Technological 
University  and  is  employed  as 
an  electronics  design 
engineer  in  NAVSW'C's  U.S. 
Marine  Corps  Special  Projects 
Group.  His  interest  in  the  ap¬ 
plications  of  advanced 
machine  intelligence  stems 
from  his  graduate  studies  in 
electronics,  artificial  in¬ 
telligence.  and  computer 
architecture  at  \'irginia 
Polytechnir  Institute  and  State  University.  He  is  currently 
the  program  manager  for  the  .Marine  Corps'  Automated 
Target  Detection  and  Identification  Systems  program  at 
\A\S\Vf:, 


ALl  F.^RS.Mtl  received  his 
graduate  degrees  from  .North 
Carolina  State  L'niversity,  and 
was  an  assistant  professor  at 
the  University  of  Maryland 
for  six  years.  This  was  follow¬ 
ed  by  an  Office  of  Naval 
Technology  post-doctoral 
fellowship  at  NAVSWC.  He  is 
now  a  chief  engineer  in  the 
Center's  Concepts  and 
Technology  Branch.  His 
research  Interests  include 
computer  vision,  target 
recognition,  application  of 
artificial  intelligence  to  problem  solving,  and  artificial 
ucMiral  network.s. 


71 


TOM  TARR  received  his 
undergraduate  degree  in  elec¬ 
tronics  engineering  from  the 
University  of  Maryland.  He 
has  taken  graduate  courses  in 
[ohns  Hopkins'  computer 
science  curricula,  specializing 
in  artificial  neural  systems. 

He  is  a  senior  electronics 
engineer  at  NAVSWC.  in¬ 
volved  in  design  and  develop¬ 
ment  of  target  recognition 
systems,  and  he  directs 
efforts  in  design,  develop¬ 
ment.  and  implementation  of 
neural  networks.  His  research  interests  are  computer  vi¬ 
sion.  pattern  recognition,  and  advanced  computational 
techniques  in  artificial  intelligence,  neural  networks  and 
fuzzy  logic. 


Acknowledgments 

This  article  presents  the  integration  and  im¬ 
plementation  issues  resulting  from  a  two-year 
NAVSWC  Independent  Exploratory  Develop¬ 
ment  program  titled,  “An  Artificial  Neural 
System  for  Target  Identification  llsing  IR 
Imagery  Data.’’ 


\tuul  Surhii  e  Wurhirc  Center  Teehnicol  Dige.sl 


Target  State  Estimation  and  Prediction 
for  Tactical  Weapons  Fire  Control 

W.  D.  Blair 


The  classic  problem  of  tactical  weapons  fire  control  is  the 
accurate  prediction  of  the  future  position  and  velocity  of  a  given 
target  at  the  time  it  is  to  be  intercepted  or  acquired  by  the 
weapon.  The  prediction  of  the  position  and  velocity  of  a  target  is 
accomplished  by  extrapolating  an  estimate  of  the  current  target 
state  a  given  time  into  the  future  with  a  motion  model  that  is 
based  on  the  expected  behavior  of  the  target.  An  interacting 
multiple  model  (IMM)  algorithm  with  a  constant  velocity  model 
and  two  mean-jerk  models  is  proposed  for  estimating  the  states 
of  a  maneuvering  target.  The  mean-jerk  model  is  the  standard 
constant  acceleration  model  with  time-correlated  acceleration 
errors  instead  of  the  “white”  acceleration  errors  that  are  usually 
assumed.  The  kinematic  constraint  /or  constont  speed  targets  is 
included  in  one  of  the  mean-jerk  models,  while  a  new  technique 
for  modeling  the  acceleration  error  relative  to  the  target  orienta¬ 
tion  is  included  in  both  mean-jerk  models.  Also,  a  new  target 
state  prediction  algorithm  that  utilizes  the  target  orientation  and 
maneuverability  is  proposed  for  tactical  weapons  fire  control. 

The  prediction  algorithm  separates  the  target  acceleration 
estimates  into  thrust  and  turning  accelerations  which  are  applied 
throughout  the  prediction  time  as  parallel  and  orthogonal  to  the 
velocity  vector,  respectively. 

The  work  described  in  this  article  was  supported  by  the 
Independent  Exploratory  Development  Program,  Naval  Surface 
Warfare  Center. 


Introduction 

The  classic  problem  of  tactical  weapons  fire  control  is  the  accurate 
prediction  of  the  future  position  and  velocity  of  a  given  target  at  the  time  it 
is  to  be  intercepted  or  acquired  by  the  weapon.  For  unguided  weapons,  the 
fire  control  problem  is  the  accurate  prediction  of  the  target  position  at  the 
time  of  weapon  intercept  or  impact.  For  this  intercept  prediction,  an 
accurate  prediction  of  the  target  velocity  is  required  in  order  to  compute  an 
accurate  time-of-flight  of  the  weapon  to  the  target.  For  guided  weapons,  the 
fire  control  problem  is  the  accurate  prediction  of  the  target  position  and 
velocity  at  the  time  that  the  weapon  is  expected  to  acquire  the  target.  For 
this  acquisition  prediction,  an  accurate  prediction  of  the  target  velocity  pro¬ 
vides  valuable  information  that  can  be  used  to  compute  a  favorable  place¬ 
ment  of  the  weapon  relative  to  the  target  at  acquisition.  The  prediction 
problem  is  depicted  in  Figure  1,  where  the  inbound  missile  maneuvers  to 
prevent  the  outbound  missile  from  intercepting  it.  The  dashed  line  denotes 
the  predicted  trajectory  of  the  target  before  the  maneuver. 

The  prediction  of  the  future  state  of  a  target  is  accomplished  by 
extrapolating  estimates  of  the  current  target  state  a  given  time  into  the 
future  with  a  motion  model  that  is  based  on  the  expected  behavior  of  the 
target.  Thus,  when  the  estimate  of  the  current  target  state  is  inaccurate,  the 
predicted  state  for  the  target  will  be  inaccurate.  Therefore,  the  estimation  of 
the  current  state  of  a  target  is  critical  to  successful  fire  control. 

The  problem  of  estimating  the  state  of  maneuvering  targets  on  the  basis 
of  position  observations  has  been  studied  extensively  since  the  mid-1960s. 


Novo/  Sorforr  U'orfnrr  Onh?r  Terhnicol  Digost 


Figure  1.  Illustration  of  a  target  (inbound  missile)  maneuvering  to  prevent  the  outbound  missile 
from  acquiring  it.  The  broken  line  denotes  the  trajectory  predicted  for  fire  control. 


While  the  state  of  a  non-maneuvering  target 
can  be  accurately  estimated  or  tracked  with  a 
constant  velocity  filter,  the  quality  of  the  posi¬ 
tion  and  velocity  estimates  provided  by  the 
constant  velocity  filter  can  degrade  signifi¬ 
cantly  when  the  target  manuevers.  One  of  the 
first  works’  that  had  a  significant  and  lasting 
impact  on  the  problem  describes  a  target 
motion  model  with  an  acceleration  that  is 
exponentially  correlated  in  time.  In  that  work, 
a  Kalman  filter  was  utilized  to  estimate  the 
position,  velocity,  and  acceleration  of  the 
target.  The  rationale  for  the  time-correlated 
acceleration  was  derived  from  inertial  systems 
in  that  a  target  accelerating  at  time  t  is  likely  to 
be  undergoing  a  similar  acceleration  at  time 
t-t-T  for  sufficiently  small  t.  However,  the 
assumptions  of  exponentially  correlated,  zero- 
mean  accelerations  produced  a  motion  with  an 
acceleration  that  decreases  in  magnitude  during 
each  extrapolation  of  the  state.’  Thus,  when  the 
actual  target  acceleration  is  constant  or  increas¬ 
ing,  large  errors  occur  in  the  state  estimates. 

In  the  early  1970s,  decision-directed  tracking 
of  maneuvering  targets^  was  introduced  in 
response  to  the  demand  for  algorithms  that 
could  provide  better  tracking  of  targets  perfor¬ 
ming  high  g,  fast  maneuvers.  These  decision- 
directed  algorithms  monitor  the  tracking  errors 
to  detect  a  maneuver  and  respond  by  increas¬ 
ing  the  modeling  error  covariance  and/or  the 
dimension  of  the  target  motion  model. 

While  these  algorithms  provide  good  tracking 


performance  before  and  after  the  maneuver, 
their  performance  during  and  immediately 
following  the  maneuver  is  poor.  The  problem 
with  these  algorithms  is  that  the  accelerations 
during  a  maneuver  are  not  easily  modeled  in 
the  sensor  reference  frame  because  the 
accelerations  often  vary  irregularly  with  time  in 
that  frame.  The  accelerations  were  modeled  in 
a  target-oriented  reference  frame  to  reduce  the 
problems  associated  with  modeling  the  time- 
varying  accelerations.^  While  that  algorithm 
provides  relatively  good  tracking  performance,^ 
the  modeling  and  transformations  that  must  be 
estimated  produce  a  complicated  algorithm. 

The  two-stage  Kalman  estimator  was  applied  to 
the  tracking  of  maneuvering  targets,®  and  a 
significant  reduction  in  the  convergence  time 
after  a  maneuver  was  achieved.  However,  the 
two-stage  Kalman  estimator®  is  limited  to  a 
constant  acceleration  model  with  additive 
"white”  noise  errors.  The  input  estimation 
algorithms^'®  were  developed  to  address  the 
problems  of  tracking  time-varying  accelerations 
and  convergence  time  after  a  maneuver. 
However,  the  effective  input  estimation 
algorithms  require  significantly  more  computa¬ 
tions  than  the  previous  techniques. 

Recently,  the  idea  of  introducing  a  kinematic 
constraint  into  the  tracking  process  through  a 
pseudomeasurement  was  proposed®  to  remove 
some  of  the  uncertainty  in  the  estimates  of  the 
time-varying  accelerations,  because  the 
kinematic  constraint  provides  additional 
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information  about  the  target  motion.  Use  of  the 
kinematic  constraint  tends  to  force  the 
acceleration  estimates  to  change  in  a  manner 
consistent  with  the  dynamics  of  the  target. 
However,  use  of  the  kinematic  constraint  as 
originally  formulated®  results  in  marginal  im¬ 
provement  in  the  accuracy  of  the  target  state 
estimates.  A  new  formulation  of  the  kinematic 
constraint  for  constant  speed  targets  was  pro¬ 
posed.^®  The  new  formulation^®  provides 
significantly  better  state  estimates  than  the 
original  one.® 

While  states  of  a  non-maneuvering  target  can 
be  accurately  estimated  with  a  constant  velocity 
filter,  the  quality  of  the  state  estimates  degrades 
significantly  when  the  target  maneuvers.  Since 
threats  with  greater  maneuverability  can  be 
expected  in  the  future,  state  estimation 
algorithms  are  needed  that  can  provide 
accurate  estimates  of  the  target  state  during 
maneuvers.  To  overcome  this  problem  of 
estimating  the  states  of  maneuvering  targets, 
the  interacting  multiple  model  (IMM)  algorithm 
can  be  used.'’  ’”  The  IMM  algorithm  uses 
multiple  models  that  interact  through  state 
mixing  to  track  a  target  maneuvering  through 
an  arbitrary  trajectory.  The  state  estimates  are 
mixed  according  to  their  model  probabilities 
and  the  model-switching  probabilities  that  are 
go\'erned  by  an  underlying  Markov  chain.  The 
results  of  previous  investigations  indicate  that 
the  IMM  filter  is  the  superior  technique  for 
tracking  maneuvering  targets  when  the 
computational  requirements  of  the  techniques 
are  considered.’ * 

While  target  trajectory  prediction  has  applica¬ 
tions  in  maneuver  detection  and  aircraft 
avoidance,  it  is  a  vital  part  of  any  weapon 
system  because  it  provides  a  preview  of  the 
target's  probable  course  of  travel  over  a  given 
time  interval.  However,  target  trajectory  predic¬ 
tion  is  very  difficult  because  targets  often 
perform  evasive  maneuvers,  and  the  maneuvers 
cannot  be  predicted  with  great  regularity. 
Trajectory  prediction  is  usually  achieved  by 
utilizing  the  most  recent  estimate  of  the  target’s 
kinematic  state  as  intial  conditions  in  a  state 
model  which  is  extrapolated  forward  in  time. 
Two  methods  commonly  used  for  prediction 
arc  the  constant  velocity  and  constant  accelera¬ 
tion  predictors.  A  constant  velocity  predictor 
uses  current  estimates  of  target  position  and 
velocity  while  ignoring  all  acceleration  informa- 
ti-cr.  The  constant  acceleration  predictor 
extrapolates  the  current  state  estimates 
assuming  the  acceleration  is  constant  in  each 
coordinate  during  the  prediction  time.  This 
assumption  is  unrealistic  because  the  accelera¬ 
tion  vector  is  continually  changing  direction 
during  a  maneuver.  Trajectory  prediction  for 
maneuvering  targets  can  be  significantly  im¬ 


proved  by  using  the  physical  limitations  of  the 
target  or  assumptions  about  the  dynamics 
and/or  goal  of  the  target."*’^®  For  example,  air¬ 
craft  motion  during  a  maneuver  is  generally 
confined  to  a  plane  containing  its  velocity  and 
acceleration  vectors.  For  constant  speed 
maneuvers,  the  acceleration  vector  of  the  air¬ 
craft  is  orthogonal  to  the  velocity  vector,*®  and 
this  restriction  on  the  acceleration  vector  can 
be  used  in  the  prediction  for  targets  undergo¬ 
ing  a  constant  speed  maneuver.^® 

In  this  article,  an  IMM  algorithm  is  proposed 
for  estimating  the  state  of  maneuvering  targets 
for  tactical  weapons  fire  control.  The  proposed 
IMM  algorithm  includes  a  constant  velocity 
motion  and  two  mean-jerk  models,  which  are 
the  standard  constant  acceleration  model  with 
time-correlated  acceleration  errors  instead  of 
the  white  acceleration  errors  that  are  usually 
assumed.  One  of  the  mean-jerk  models  includes 
a  kinematic  constraint,  while  both  mean-jerk 
models  use  a  new  formulation  of  the  accelera¬ 
tion  error  covariance  matrix  that  reflects  the 
maneuverability  of  the  target  relative  to  its 
orientation.  Also,  a  new  algorithm  that  utilizes 
the  target  orientation  and  maneuverability  is 
proposed  for  predicting  the  future  states  of 
maneuvering  targets  for  tactical  weapons  fire 
control.  The  prediction  algorithm  utilizes  the 
results*^  to  separate  the  target  acceleration 
estimates  into  thrust  and  turning  accelerations 
which  are  applied  throughout  the  prediction 
time  as  parallel  and  orthogonal  to  the  velocity 
vector,  respectively. 

This  article  is  organize^f  as  follows.  First,  the 
problems  of  target  state  estimation  and  predic¬ 
tion  are  formulated.  Then,  techniques  for 
modeling  the  motion  of  the  targets  are 
presented.  A  description  of  the  IMM  algorithm 
is  given  along  with  a  discussion  of  its  proposed 
implementation.  The  new  algorithm  for  target 
state  prediction  is  also  presented.  Last,  a  sum¬ 
mary  of  the  paper  and  a  discussion  regarding 
future  work  are  given. 

Problem  Formulation 

The  target  state  prediction  that  is  optimal  in 
the  minimum  variance  sense  is  obtained  by 
extrapolating  the  optimal  state  estimate  of  the 
current  state  estimate  with  the  expected  state 
model  of  the  target.  Thus,  the  target  state 
estimation  and  prediction  problems  will  be 
formulated  separately. 

Target  State  Estimation 

The  dynamics  model  of  a  maneuvering  target 
in  track  is  given  by 

X  =  f(X.  u,  w)  (1) 

Zk  =  hiXk.  vk)  (2) 
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where  X  is  the  state  vector,  u  is  the  target 
control  vector,  w  is  the  process  noise  vector 
representing  possible  deviations  in  /{  ),  Zj;  is  the 
discrete-time  measurement  vector  at  time  k, 
and  V(.  is  the  measurement  noise  vector.  The 
dynamics  of  the  target  is  a  continuous-time  pro¬ 
cess  as  indicated  by  Equation  (1),  where  )  is  a 
dynamic  constraint  that  defines  the  motion  for 
the  target  in  the  form  of  a  differential  equation. 
The  dynamic  constraint,  which  is  usually 
unknown  to  the  tracking  system,  can  differ 
significantly  between  targets  and  change  for  a 
common  target  during  the  tracking  process.  As 
indicated  by  Equation  (2),  the  measurement 
process  is  discrete-time  because  most  sensors 
used  for  target  tracking  record  the  position 
and/or  radial  velocity  at  a  given  instant  in  time. 

While  /I  )  is  usually  unknown  by  the  tracking 
system,  the  major  problem  with  tracking 
maneuvering  targets  is  that  the  control  vector 
is  not  directly  observable  by  the  tracking 
system.  W'hen  the  target  applies  a  control,  a 
bias  or  lag  develops  in  the  estimates  of  the 
target  state.  The  control  can  be  included  as 
acceleration  in  the  dynamic  constraint  ff  ),  but 
the  acceleration  most  often  varies  with  time  in 
such  a  manner  that  a  model  cannot  be  clearly 
identified  during  tracking.  Thus,  the  target 
dynamics  are  most  often  modeled  as  linear  in  a 
Cartesian  coordinate  frame  to  simplify  the 
filtering  and  reduce  the  computations  required. 
.•\lso.  for  convenience  the  continuous-time 
dynamics  equation  is  converted  to  a  discrete¬ 
time  system.  As  a  result,  the  dynamics  model 
commonly  assumed  for  a  target  in  track  is 
given  by 

+  "■'k  (3) 

where  ivjj  ~  A'lO.Qjd  is  the  process  noise  and 
defines  a  linear  constraint  on  the  dynamics. 

The  target  slate  vector  Xj^  contains  the  position, 
velocity,  and  acceleration  of  the  target  at  time  k 
as  well  as  other  variables  used  to  model  the 
time-varying  acceleration.  When  the  target 
applies  a  control  and  the  time-varying  accelera¬ 
tion  is  modeled  incorrectly,  a  bias  or  lag 
develops  in  the  estimates  of  the  target  state. 

The  IMM  algorithm"  '^  can  be  used  to  identify 
a  combination  of  the  models  in  the  filter  to 
represent  the  time-varying  acceleration. 
Dynamics  model  j  of  the  IMM  is  denoted  by 

n.,  =  (4) 

where  wj^  ~  MO.Qi.  I  is  the  process  noise  for 
model  j,  defines  a  linear  constraint  on  the 
dynamics  imposed  by  model  j,  and  X^  is  the 
state  associated  with  model  j. 

In  this  article,  the  measurement  process  of 
Equation  (2)  will  be  modeled  as  linear.  While 


most  sensors  used  for  target  tracking  measure 
the  target  position  in  a  spherical  coordinate 
system,  the  spherical  measurements  can  be 
transformed  into  a  Cartesian  coordinate  frame 
for  processing  as  a  linear  function  of  the  target 
state.  The  transformation  from  spherical  to 
Cartesian  coordinates  is  given  by 

X  =  fi  cosE  sinB  (5) 

y  =  R  cosE  cosB  (6) 

z  =  R  sinE  (7) 

where  R.B.E  are  the  range,  bearing,  and  eleva¬ 
tion,  respectively.  Thus,  the  linear  measure¬ 
ment  process  is  then  given  by 

2k  =  +  (8) 

where  is  the  target  measurement  in  the 
Cartesian  coordinate  frame  and  v\  ~  JV(0,Rk)  is 
the  measurement  error.  While  the  measurement 
errors  in  spherical  coordinates  are  usually 
assumed  to  be  Gaussian  and  uncorrelated  in 
range,  bearing,  and  elevation,  the  transforma- 
*icii  to  the  rectangular  coordinate  frame  causes 
the  components  of  to  become  nongaussian 
and  correlated.  Nevertheless,  v^  is  often 
assumed  to  be  Gaussian  for  probability  calcula¬ 
tions.  The  Rk  is  a  full  matrix,  and  the  equation 
for  computing  Rk  from  the  spherical  error 
variances  is  given  by 


where 

[cosE  sinB  R  cosE  cosB  -RsinEsinSH 
cosE  cosB  -R  cosE  sinB  -RsinEcosBl 
sinE  0  RcosE  J 

(10) 

and  Op,  Op,  Og  are  the  measurement  error 
variances  for  range,  bearing,  and  elevation, 
respectively.  The  R.  B,  E  are  the  predicted 
range,  bearing,  and  elevation,  respectively. 

For  linear  state  and  measurement  models  and 
Gaussian  error  processes,  the  Kalman  filter  pro¬ 
vides  target  state  estimates  that  are  optimal  in 
the  maximum  likelihood  and  minimum 
variance  senses.  If  the  error  processes  are  not 
Gaussian,  the  Kalman  filter  provides  the  state 
estimates  that  are  optimal  in  the  minimum 
variance  sense.  The  Kalman  filtering  equation 
associated  with  the  state  model  ;  in  Equation 
(4)  and  the  measurement  model  in  Equation  (8) 
are  given  by 
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Time  Update: 


nik-r=  n-A-vk-, 

(11) 

nik-i=  fi-in-r!k-i(n-/+Qi 

(12) 

Measurement  Update: 

Si  =  H'n,,_,(Hi)^+R, 

(13) 

( 

X 

1 

II 

(14) 

Zi  =  Zl-mik-: 

(15) 

^.k  =  ^i:k-i  +  K'[Z'] 

(16) 

Pilk  = 

(17) 

Target  Motion  Modeling 

The  IMM  algorithm  proposed  in  this  article 
will  utilize  a  nearly  constant  velocity  model 
and  two  mean-jerk  models.  One  of  the  two 
mean-jerk  filters  will  utilize  the  kinematic  con¬ 
straint  for  tracking  constant  speed  targets, 
while  both  mean-jerk  filters  will  utilize  a  target- 
oriented  process  noise  vector.  The  first  model 
to  be  presented  is  nearly  constant  velocity,  and 
for  a  single  coordinate  the  dynamic  model  is 
given  by 


(19) 

j  _  ro.25T'*  0.5T3  ]  j 

L  0.5T3  T2  J 

(20) 

where  Xi  ~  ^Lk  denoting  ^he 

error  covariance  of  the  state  estimate.  The  Zj^ 
denotes  the  filter  residual,  and  denotes  the 
Kalman  gain. 


Target  State  Prediction 

Target  state  prediction  is  the  problem  of 
accurately  forecasting  the  future  kinematic 
state  of  the  target  for  a  given  time  tk  +  fp  when 
given  measurements  through  the  current  time 
tk.  Target  trajectory  prediction  is  a  very  dif¬ 
ficult  problem  because  targets  often  perform 
evasive  maneuvers  which  cannot  be  predicted 
with  regularity.  It  can  be  shown  that  the 
optimal  state  prediction  Xp((k  +  tp)  is  found  by 
extrapolating  the  current  optimal  state  estimate 
.Xk  k  with  the  expected  state  model  of  the 
target.  This  extrapolation  process  is  given 
mathematically  as 

'pi  (18) 

where  g{  )  represents  the  expected  motion 
model  of  the  target.  While  the  expected  motion 
model  can  be  chosen  by  various  methods  that 
utilize  assumptions  about  the  dynamics, 
physical  limitations,  and/or  goal  of  the 
target,'*  ''’  ’'’"’  the  most  commonly  used  motion 
model  for  prediction  is  the  motion  model  used 
to  obtain  the  estimate  l-  Since  accurate  and 
reliable  prediction  methods  are  needed  for 
maneuvering  targets,  all  information  should  be 
included  in  the  prediction  process.  For 
example,  the  assumption  of  constant  speed  is 
incorporated  in  the  turning  rate  predictor 
developed,’’’  while  the  goal  information  was  in¬ 
corporated  into  the  minimum  control  predictor. 
Thus,  the  target  state  prediction  problem  is  the 
problem  of  selecting  the  g(  )  that  best 
represents  the  future  motion  of  the  target. 


where  T  is  the  time  interval  between  measure¬ 
ment  k  and  k  -  1,  is  the  variance  of  the 
acceleration  error,  and  the  superscript  “1” 
denotes  model  1.  The  elements  of  the  state  vec¬ 
tor  X^  are  position  and  velocity. 

The  second  model  is  a  mean-jerk  model 
which  is  the  standard  constant  acceleration 
model  with  time-correlated  acceleration  errors 
instead  of  the  white  noise  errors  that  are 
usually  assumed.  The  use  of  the  time-correlated 
acceleration  errors  represents  the  fact  that  the 
acceleration  modeling  error  at  time  k  is 
influenced  by  the  acceleration  modeling  error 
at  time  k  -  1.  When  a  target  maneuvers,  the 
acceleration  changes  in  a  deterministic  manner 
and  the  errors  in  the  acceleration  estimates  at 
time  k  will  be  related  to  those  at  time  k  -  1. 
The  continuous-time  form  of  the  mean-jerk 
model  in  a  single  coordinate  is  given  by 


where 

X^  =  [  .\  X  .X  n/^  (22) 

and  n  represents  the  time-correlated  accelera¬ 
tion  noise.  The  discrete-time  form  of  the  model 
is  given  by 


n  = 


I 

I 

_i 


1  T  0.5T2 

0  1  T 

0  0  1 

0  0  0 


(23) 


T  3(0.5(tT1^-tT-I-1 -e 

T-2tg-TT_i+T7^) 

T-’(l-e-'’''’) 

e 


Q2  =  B2(B2)Vk 


(24) 
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where 


Equation  (33)  can  be  written  as 


B2  = 


T 


-‘‘(^tT)3  -0.5(tT)2 +tT-  1  +  e-’'^)' 
T-3(0.5(TT)2-TT+l-e'^T') 
T“^(e“’^^— 1+tT]) 


(25) 

^k  =  [''^k  ^  '4  rik)^  (26) 


and  T  is  related  to  the  correlation  of  the 
acceleration  errors.  The  time  update  of  the 
acceleration  is  given  by 


■^k  +  l=\  +  Uk  (271 

where 


Uj^=:|^l-e  '^'')nk+^(T'f’-l+e  (28) 


Assuming  stationary  statistics  for  u’j:  .  (i.e., 
VAH[iv~l  =  q^l 


VAnin^j  = 


T2(l_e-2tT)  ^ 


(29) 


V-A  =  0  (34) 

where  V  and  A  are  the  target  velocity  and 
acceleration,  respectively. 

The  kinematic  constraint  for  constant  speed 
targets  is  useful  information  and  can  be  incor¬ 
porated  in  the  system  state  in  Equation  (1)  or 
used  as  a  pseudomeasurement  in  conjunction 
with  Equation  (2).  While  both  approaches  are 
conceptually  feasible,  the  second  approach  is 
more  attractive  because  the  first  changes  the 
state  equation  in  Equation  (3)  from  linear  to 
nonlinear.  In  the  implementation  of  the  ex¬ 
tended  Kalman  filter,  including  nonlinearities 
in  the  measurement  equation  is  computa¬ 
tionally  less  expensive  than  in  the  state 
equation.®  Thus,  the  kinematic  constaint  in 
Equation  (34)  is  incorporated  into  the  filter 
through  a  pseudomeasurement.’®  The 
pseudomeasurement  equation  is  given  by 

Yjl^.Ak+p^  =  0  (35) 

Skk 

where 


Using  Equations  (28)  and  (29)  and  assuming  sta¬ 
tionary  statistics 

.  ^  _ r-l(l-t.--2rT) _ 

^  (l-e-"7j4  +  (-i_(,-2rTf^7’_l+^,-TT)2 

(30) 

where  qf,,,  =VAfI[ukl.  Thus,  Equation  (30)  can 
be  used  to  compute  q^  when  a  certain  variance 
is  desired  for  the  acceleration  error. 


^^klk~  l^ik  -('kiJt  4ikl  (38) 

(’^:k''‘>'k'k‘''^kikY^  (37) 

and  pk  N(0,Rj^).  The  pk  is  a  white  Gaussian 
error  process  that  accounts  for  the  uncertainty 
in  both  the  and  the  constraint.  Since  the 
initial  estimates  of  (,  may  be  very  poor.  RjJ  is 
initialized  with  a  large  value  and  allowed  to 
decrease  as 

fii;  =  r,(d)'‘  +  ro  (38) 


Kinematically  Constrained  Motion 

A  kinematic  constraint  can  be  utilized  as 
additional  information  about  the  target  motion 
to  reduce  the  errors  in  the  estimates  of  the 
time-varying  accelerations.  Using  the  kinematic 
constraint  tends  to  force  the  acceleration 
estimates  to  change  in  a  manner  that  is  consis¬ 
tent  with  the  dynamics  of  the  target.  A 
kinematic  constraint  can  be  developed  for  use 
in  tracking  constant  speed,  maneuvering 
targets.  The  speed  of  a  target  is  given  by 

S  =  +  (31) 

For  a  target  moving  at  a  constant  speed, 


f  =0 

dt 

(32) 

x'x  +  y'y+z'y.=0 

(33) 

where  0  <  d  <  1,  r^  is  a  large  constant  chosen 
large  for  initialization,  and  Tq  is  a  constant 
chosen  for  steady-state  conditions. 

The  filtering  equations  for  this  new  formula¬ 
tion  of  the  kinematic  constraint  are  given  in 
the  following  equations  with  denoting  the 
state  estimate  after  the  constraint  has  been 
applied,  and  denoting  the  associated  state 
error  covariance.  The  filtering  equations  are 


k  +  i;k“  ^k^^kk 

(39) 

k.,;k=  fkPUFl  +  Qk 

(40) 

4=  4-HkXkik-, 

(41) 

4;k=  4ik- 1  +  4(41 

(42) 

Pklk=  |I-4Hk/Pk|k-i 

(43) 

4ik=  I'-^Ckl^ik 

(44) 

p;:ik=n-44iPkik 

(45) 
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where 

(46) 

(47) 

1 

-  [0  0  0  0  0  0 

(48) 

This  filter  using  the  kinematic  constraint  as  a 
pseudomeasurement  is  shown  to  be  uniformly 
asymptotically  stable  if  the  original  system 
without  the  constraint  is  uniformly  asymp¬ 
totically  stable. '6  Also,  if  the  original  system  is 
unbiased  >  0,  and  >  0,  the  kinematically 
constrained  filter  is  unbiased. 


Target  Oriented  Process  Noise 


Most  targets  maneuver  by  controlling  their 
thrust  acceleration,  which  is  parallel  to  the 
target  velocity  vector,  and/or  their  lateral 
acceleration,  which  is  orthogonal  to  the  target 
velocity  vector.  Except  for  missiles  in  launch  or 
boost  phases,  the  thrust  acceleration  of  most 
targets  is  limited  by  about  1  g,  while  the  lateral 
acceleration  can  approach  15  g.  Thus,  when 
tracking  a  maneuvering  target,  a  wider  range  of 
uncertainty  exists  in  the  expected  lateral 
acceleration  than  in  the  expected  thrust 
acceleration.  These  different  uncertainties  in 
this  expected  acceleration  can  be  included  in 
the  target  state  model  of  Equation  (3)  by  select¬ 
ing  a  process  noise  covariance  Q((  that  is 
dependent  on  the  orientation  of  the  target.  A 
target-oriented  process  noise  covariance  is 
obtained  by 

[q‘  0  0  "I 

0  q'  0  Il'G  j:  (49) 

0  0  q'J 

where 


sin6  cos'l' 
-sini)’ 


~,sin0  cosd  siniji 
COS0  sini|i  sin9 
0  txjs'l' 


(50) 


B  ■=  atan2(vi,.  .<^1 
4  =  atan2( Sj,) 
S„  (v^  ^ 


(51) 

(52) 

(53) 

(54) 


Bk  is  of  the  form  of  Equation  (25),  q'  is  the 
variance  for  the  expected  thrust  acceleration, 
and  is  the  variance  for  the  expected  lateral 
acceleration.  For  a  measurement  rate  of  4  Hz, 
typical  values  for  q'  and  are  1  m^/s^  and 
9  m2/s4,  respectively. 

Target  State  Estimation 

The  IMM  algorithm  is  proposed  for 
estimating  the  states  of  a  maneuvering  target. 
The  proposed  IMM  algorithm  includes  a  con¬ 
stant  velocity  model  and  two  mean-jerk  models. 
Both  mean-jerk  models  will  utilize  a  target- 
oriented  process  noise  covariance  matrix,  while 
one  of  the  mean-jerk  models  will  include  the 
kinematic  constraint  for  constant  speed  targets. 

The  IMM  algorithm  consists  of  a  filter  for 
each  model,  a  model  probability  evaluator,  an 
estimate  mixer  at  the  input  of  the  filters,  and 
an  estimate  combiner  at  the  output  of  the 
filters.  The  multiple  models  interact  through 
the  mixing  to  track  a  target  maneuvering 
through  an  arbitrary  trajectory.  The  flow 
diagram  of  an  IMM  algorithm  with  two  models 
is  given  in  Figure  2,  where  X(lcllc)  is  the  state 
estimate  based  on  both  models,  X'(k|k)  is  the 
state  estimate  for  time  k  based  on  model  j,  A(k) 
is  the  vector  of  model  likelihood  at  time  k.  and 


Xi(k-llk-l)  X2(k-llk-l) 


T  »  ’  T 

Xt(k|k)  X2(k|k)  p(k)  X(k|k) 


Figure  2.  The  IMM  algorithm. 
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/i(k)  is  the  vector  of  model  probabilities  at  time 
k  when  all  the  likelihoods  have  been  con¬ 
sidered.  With  the  assumption  that  the  model 
switching  is  governed  by  an  underlying  Markov 
chain,  the  mixer  uses  the  model  probabilities 
and  the  model  switching  probabilities  to  com¬ 
pute  a  mixed  estimate  for  each  filter.  At  the 
beginning  of  a  filtering  cycle,  each  filter  uses  a 
mixed  estimate  and  a  measurement  to  compute 
a  new  estimate  and  a  likelihood  for  the  model 
within  the  filter.  The  likelihoods,  prior  model 
probabilities,  and  the  model  switching  pro¬ 
babilities  are  then  used  to  compute  new  model 
probabilities.  The  overall  state  estimate  is  then 
computed  with  the  new  state  estimates  and 
their  model  probabilities.  For  space  considera¬ 
tion,  subscripts  will  be  used  to  denote  time 
throughout  the  paper  (i.e.,  p)j(j)  is  the  probabili¬ 
ty  that  model  j  is  correct  at  time  k). 

The  IMM  algorithm  for  tracking  with  the 
=  3  models  is  outlined  in  the  following  five 
steps.  A  derivation  and  explciia'.ien  ol 

the  IM.VI  filter  are  given  in  the  literature. 

Step  1;  Mixing  of  State  Estimates 

The  filtering  process  starts  with  a  priori  state 
estimates  state  error  covariances 

Pf.  I  and  the  associated  probabilities 

for  each  model.  The  initial  state  estimate 
for  model  /  at  time  k.  Mkli)-  is  computed  as 

•^’k  -  1  k  -  i  'SI  1  k  -  iPk  •  t  k- 

1  -•  1 

where 

M;,.,;..  ,1'  /)  =  |l/l  156) 

''I 

=  I  P„Pk-l('l  (-'^71 

J  ==  1 

and  p,i  i:;  the  assumed  tran.s'fion  [)rohahiIity  for 
switching  from  model  i  to  moflel  ;.  and  Cj  is  a 
normalization  constant.  The  initial  covariance 
for  .Vlj(k)  is  computed  as 

f’k'  >k  ,  =2l'r,k  r(^.,k  >-^k'-,k  ,1 

I  •  1 

'(■''‘k  Ik  l^'^k-lk  |Pk  i  k 

(58) 

Step  2:  Model  Updates 

The  Kalman  filteuing  equations  given  in 
Plquations  (11)  through  (17)  provide  the  update 
algorithm  for  the  models  without  the  kinematic 
constraint,  where  x!  ,  ,  ,=X,  ^  iii<-i  ^od 

Pi  ,,  ,.TheKalman  filtering 


equations  given  in  Equations  (39)  through  (48) 
provide  the  update  algorithm  for  the  model 
with  the  Kinematic  constraint,  where 

Step  3;  Model  Likelihood  Computations 

The  likelihood  of  MkO]  is  computed  with  the 
filter  residuals  Zj,,  the  covariance  of  the  filter 
residuals  S[,  and  the  assumption  of  Gaussian 
statistics.  The  likelihood  of  is  given  by 

A^O)  exp[-0.5[Zi)'^(Si)-‘Z>]  (59) 

Step  4;  .Model  Probabilities  Update 
The  model  probabilities  are  updated  as 

Mkfi)  =  ^A^Olc,  (60) 

where 

c  =  i  Aji(i)c,  (61) 

i=  I 

Step  5:  Combination  of  State  Estimates 

The  state  estimate  and  covariance  for  the 
IMM  filler  output  are  obtained  from  a  prob¬ 
abilistic  .sum  of  the  individual  filter  outputs  as 


.V 


I  =  1 

(62) 

=iM^«)ip^+(x',,-.\;,) 

(63) 

i=  1 


•(^k-^k  k)'l 

Simulated  tracking  results  are  given  in  Figure 
3  to  demonstrate  the  tracking  performance  of 
the  IMM  algorithm  against  maneuvering 
targets.  The  results  are  compared  with  the 
simulated  tracking  results  from  a  Kalman  filter 
using  a  constant  acceleration  model.  The  IMM 
filter  contains  a  constant  velocity  model  and 
two  constant  acceleration  models.  Initially,  the 
target  is  at  a  range  of  50  km  and  moves  with 
constant  velocity  from  t  =  0  to  t=15  seconds. 

The  target  maneuvers  with  a  constant  accelera¬ 
tion  of  about  3g  from  1  =  15  to  1  =  30  seconds.  As 
shown  by  the  root-mean-square  (RMS)  errors  in 
Figure  3,  the  IMM  algorithm  significantly 
reduces  the  errors  in  tht  position  and  velocity 
estimates  below  that  of  the  Kalman  filter.  The 
measurement  errors  were  Gaussian  with  stand¬ 
ard  deviations  of  8  meters  in  range  and  0.002 
radian  in  bearing  and  elevation. 
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Figure  3.  Simulated  track¬ 
ing  results  comparing  the 
performance  of  the  I  MM 
algorithm  and  a  Kalman 
filter  utilizing  a  constant 
acceleration  model. 


Target  State  Prediction 

I'he  limitations  of  the  constant  acceleration 
predictor  led  to  tin;  development  of  the  turning 
rate  predictor,''’  which  uses  the  same  filter  out¬ 
put  as  the  constant  acceleration  predictor  to 
calculate  a  turning  rate  for  the  prediction 
process.  'I’he  turning  rate  predictor  assumes  the 
ac:celeration  and  velocity  vectors  of  the  aircraft 
are  orthogonal  to  ai;complish  constant  speed 
prediction  for  maneuvering  targets.  In  order  to 
predict  the  future  trajectory  of  targets 
HO  maneuvering  with  variable  speed,  the  turning 
rate  predictor'"’  is  extended  to  accommodate  a 
thrust  component  of  acceleration.  The  predic¬ 
tion  algorithm  decouples  the  acceleration 
estimates  into  thrust  and  lateral  components 
which  are  applied  throughout  the  prediction 
process  as  parallel  and  orthogonal  to  the 


velocity  vector,  respectively.  The  thrust 
acceleration  is  given  by 

,,  (■''k  k'  '■T  t,*  ,, 

k  ly  |2  '■k  k 

I'^k  k’ 

(64) 

where 

‘‘'^kik'I'^k  k  -^k  k  ''^k  kl^ 

(65) 

.  .  .  .  'p 

''’k'k"l''’k.k  -'’kk  ^k’kl 

(66) 

Thus,  the  lateral  component  of  the  acceleration 
is  given  by 


The  lateral  component  of  the  acceleration  can 
be  described  with  a  turning  rate  given  by"’ 


.Vtiv  rij  SnrffKT'  IWjrfnrr  ('rj7/rr  7'f'(  hnicnl 


where 


k  k 


■k  k' 


'  k  k' 


k  k 


‘k  k  “  k  k 
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(69) 


For  constant  turning  rate  prediction,  ^  is 
assumed  to  be  constant  through  the  predirhiun 
time  Ip.  Since  the  lateral  ui:celention  changes 
the  direction  of  the  velocity  vec:tor, 
intermediate  constant  acceleration  predictions 
are  performed  for  small  time  increments  fy  to 
accomplish  the  prediction.  At  each  inter¬ 
mediate  [Kediction,  the  new  directions  of  the 
thrust  and  lateral  accelerations  are  computed 
w  ith  the  v  elocity  vector.  The  si/e  of  ts  is 
important  because  the  prediction  is  an  integra¬ 
tion  process  where  ts  is  the  stej)  si/e.  This  step 
intervcil  is  related  to  t,,  t)\  the  relationship 


=  (70) 

'.\iiere  ii  is  tlu^  numlier  of  increments.  .Alter  an 
intermediate,  priidietion  is  performed  for  ts-  the 
turnin.g  rate  ami  intermediatt^  predicted 
velocities  .tre  used  to  c.alcidtite  new  lateral 
ar  M'leralions  which  are  added  to  the  thrust 
-11  lavlerations  and  inserted  into  the  itUertnetli.'.te 
state  vector  for  the  ne.vt  intermediativ  prediction 
vvitn  the  lamstant  acvudei'ation  predictor,  '['lus 
pro(  ess  ol  an  internu'diate  [irediction  followed 
i’v  .111  aci  deration  update  is  repeated  for  n 
le’iations.  Since  the  decoupled  acceleration 
ii’edii  tor  i'-  .111  iterative  [irocess.  must  lie 
1  iioseii  to  provide  aci  eptahli’  integration  of  the 
miitioii  model  iind  iiiinimi/e  the  numher  ol 
:‘'petition>  needed  for  accurate  prediction.  The 
piedn  toi  Is  loi  Ululated  as  a  se(|iieni c  of 
inl."  mediate  sl,ite  piedii  lions  ,it  interval  i. 

VV  hel  e  j  I  .  .11.  giv  ell  (i\ 

.A;  It,.  •  It.,)  f.i:  ,t\.,ll.  •  tl  lit. I  11 

'•viii'ie  IS  tie-  state  transition  iii,i,.i\  lor 

.  ■  aisl.ii it  ai  I  eleral ion  motion.  .\  .(/.  I  is  t lie 
tiai  king  tillei  output  ^  ttcii  miti.ili/es  the 
pie  dll  lor  algonlliin,  .ind  .V  (t,  •  t.  |  is  the  ool|iul 
iceon  led  slate  o|  trie  t.irgel  I’lioi  lo  liie 


intermediate  prediction  using  Equation  (71),  thi; 
intermediate  accelerations  for  li^  +  its  aft:  deter¬ 
mined  using  the  turning  rate  given  by  Equation 
(69),  the  thrust  acceleration  given  in  Equation 
(64),  and  intermediate  velocities  V'pltj^-kits)  hy 


Apllk+it.s) 


f'  k  k  ^  Vp(t(,  -i-its)  + 


^d)(*k  +  ds)  ,^1 

vytk-ifsi:^ " 

1 72) 


and  inserted  into  Xp(t(,T- its)-  1  he  process  is 
repeated  until  .\'p(t(, -i-tp)  is  computed. 

Assuming  that  the  turning  rate  and/or  thiusi 
acceleration  are  constant  is  justified  for  short 
prediction  times,  but  an  extended  prediction 
time  requires  a  time-varying  turning  rate  and 
thrust  acceleration  because  the  magnitude  of 
the  accelerations  will  surely  change  o\  t;r  the 
longer  prediction  times.  -A  time-varying  turning 
rale  and/or  thrust  acceleration  are  possible 
modifications  to  the  decoupled  acceleration 
predictor.  For  example,  an  exponentially 
decreasing  turning  rate  and  thrust  accf;leration 
are  given  by 


"■|l('>  =  W^  H'l  ilsIT;,-  (73) 

iA;,(i):  =  :.A[,ci  IMP.  174) 

wliere  iv^  ^  is  defined  in  EqnaTim  (68),  .A^  is 
defined  in  E(|uiition  (64),  and  Tj,  is  llie  decay 
rale  of  the  accelerations.  Ktjualions  (73)  ami 
|74l  are  then  used  lo  compute  the  turning  rale 
and  llunsl  <u:<;eleralion  lor  l)ie  ileralivi'  process 
ol  Ei|iiati()ns  |7  1 1  and  (72). 


Summary  and  Conclusions 

,\  new  version  ol  ilit>  l.\I.\l  tiller  llvut  uses  a 
!  onsl.iiit  velocity  model  and  two  meaii-ierk 
moilels  h.is  been  profiosc I  In:  t,u  lii  al  weapons 
tin'  coiilrol.  The  new  version  is  uiii(|ut'  because 
It  uidi/es  a  kmematu  allv  couslr.nued  lilter  .md 
,1  target-oriented  proi  ess  noise  cov  ariance 
matrix.  While  the  use  ol  a  kmem.itic  eoustraint 
m  Iraekliig  constant  sjieed.  maneuv  ering  targets 
lias  been  slndied  prev  ionsK  lot  single  model 
I ilieniig. '  Its  Use  m  mnltqjle-modei  lilter- 
iieg  is  nnii|ne  to  tins  arlu  le  .Mso.  wliile  target 
slate  esliinalion  ulili/mg  the  laigel  oneiitalion 
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was  considered,’  the  use  cf  target-oriented 
process  noise  as  presented  in  the  Target 
Motion  Modeling  section  herein  is  unique  to 
this  article.  A  new  prediction  algorithm  that 
decouples  the  target  acceleration  estimates  into 
thrust  and  lateral  accelerations  for  use  in  the 
prediction  process  was  also  formulated. 
Throughout  the  prediction  process,  the  thrust 
acceleration  is  applied  parallel  to  the  target 
velocity  vector,  while  the  lateral  acceleration  is 
applied  orthogonal  to  the  velocity  vector.  Since 
the  lateral  acceleration  changes  the  direction  of 
the  \elocity  vector,  the  new  predictor  utilizes 
an  iterative  process  to  change  the  direction  of 
the  thrust  and  lateral  accelerations  during  the 
prediction  process. 

Further  research  is  needed  to  extend  and 
refine  the  use  of  kinematic  constraints  and 
target-oriented  process  noise  in  state  estimation 
for  maneuvering  targets.  The  kinematic 
constraint  for  constant  speed  targets  should  be 
extended  to  targets  thai  maintain  a  constant 
speed  except  when  changing  altitudes.  Also, 
methods  of  selecting  the  parameters  that 
describe  Hj'  of  Equation  (38)  are  needed  for 
successfu’  use  of  the  kinematic  constraint.  The 
target -oriented  process  noise  can  be  extended 
to  include  an  error  variance  for  the  target 
acceleration  that  is  oithogonal  to  the  plane  of 
motion  of  the  maneuvering  aircraft. 

Further  research  into  the  doc.oupled  accelera¬ 
tion  predictor  is  needed  to  extend  it  to  include 
the  goal  information  that  is  available  to  a  point 
tiefense  systcmi.  The  goal  information  ot  the 
t.irget  can  be  used  to  shape  the  predicted  tra- 
lectory  t)t  target.  For  example,  functions  fi(t) 
and  lhat  represent  the  expected  future 
motion  ot  tiie  target  can  be  used  as 

V-lfi  ^  >>si  'ilU'ifsh'h  k  ^  V'j,Uk +il,s| 


•■■.here  tlie  lum.ticms  l||l|  and  (2I!!  're  based  on 
the  current  estimate  ot  tlie  target  slate  and  the 
uual  intormatioii. 
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Innovative  Missile  Airframe 
Concepts 


Leon  Schindel  und  Samuel  li.  Hardy 


This  article  presents  tivo  examples  of  hoir  innovative  air- 
Irujne  design,  integration,  and  <!nh(  need  air/rnnie  technologies 
can  improve  missile  effect ivenc.ss.  In  the  first  example,  a  number 
o)  concepts  are  described  that  can  improve  the  aerodynamic 
efficiency  tliftUlrag  ratio)  and  maneuverability  of  iong-rango 
hypersonic  missiles.  Integration  of  the  I’arious  concepts  with 
ad\  ance-d  guidance,  propulsion,  ivorheod.  and  control  concepts 
results  in  «  high-performance,  ivide-area  defense  missile  concept. 
In  the  second  1‘xample.  a  conceptual  airframe  is  formalated  to 
meet  far-term  loenl-nren  defense  requirements.  Lift  generated  by 
large  dorsal  iving.s  enables  the  missile  to  achieve  fast  time 
respon.ses  and  high  mammverability.  However,  due  to  launcher 
constraints,  critical  liljrntion'dutopilot  iiis(ubilj!\'  limits  mi,s.sile 
ri'sponsiveness.  Robust  autopilot  design  and  active  \ibration  con¬ 
trol  technology  tasks  are  under  nay  to  alhn  iale  the  \ibration- 
induced  time-constant  limitations. 


Introduction 

in  order  lo  perhnin  its  mission.  <i  guided  missile'  must  have  sufficient 
rang(^  lu  issich  its  larg(!l,  it  nui.st  be  guided  lo  inti^rcept.  and  it  must  then 
destroy  tlie  target.  In  this  context,  tim  missile  airframe  is  merely  a  device 
tor  liolding  llie  [)ropulsion  system,  the  guidance,  and  the  warhead  together. 
I’o  increase  rarigr;.  you  add  fuel;  lo  increase  velocity,  you  make  the  engine 
tlirust  grruiter;  to  reduce  miss  distane.e.  you  design  a  more  complex 
guidance  system:  and  lo  increase  kill  (rrobability,  you  use  a  bigger  warhead, 

lluwevm'.  the  efb'ctiveness  of  the  missile  also  depends  critically  on  the 
aerodynanvic  perfunnanci!  of  the  airframe.  Figure  1,  for  example,  shows 
pay  load  weight  fraciion  of  a  typical  sufjersunic  missile  with  airbreathing 
[impulsion  as  a  function  of  lifl/drag  ratio.  In  le\el  tlighl.  the  lift  on  the  air- 
tranie  halant;es  the  missile  weight,  while  the  engine  must  suiiply  sufficient 
thi  iist  to  ov  ercome  the  drag.  For  a  given  missile  weight,  then,  increasing 
the  lift  drag  ratio  (a  func.lion  of  airframe  geometry)  means  that  the  propul¬ 
sion  system  (  an  he  smaller  and  will  hum  less  fuel.  At  a  lift/drag  ratio  of 
about  1,7.  the  payload  |w.ii head  and  guidanrel  is  zero,  so  the  missile  can 
reach  ds  target  hut  caiiuol  do  anything  when  it  gets  there.  Increasing  the 
lift'ilrag  ratio  to  2  results  in  a  [layload  fraction  of  about  .1,  so  that  a 
iOOD  pouiid  missile  woidd  he  required  lo  deliver  a  100-[)uund  payload.  At  a 
lift  drag  ratio  around  •}.  however,  the  payload  increases  to  a  respectable  40 
[lerceiil  ol  the  total  missile  weight.  Thus,  the  airframi;  shaiie  is  of  primary 
signilicance  in  the  performance  of  long-range  missiles. 

Similarly,  missile  manmiverahilily  and  lime  constant  are  also  functions  of 
aiilrame  conliguration.  ,\.s  .mother  exanqile.  Figure  2  shows  how  miss 
dist.mce  de[)ends  on  airframe  m.meiiverahility . '  The  manein  erahility  is 
crilicallv  dependent  on  the  aerodynamic  characteristics  of  an  airframe  as 
well  as  the  missile  weight  and  balance.  Thus,  a  well-designed  airframe  can 
he  an  imporlani  conirihution  lo  guided  missile  effectiveness. 

In  this  article,  two  innovative  airframe  design  concepts  will  he  described, 
I'heir  .ipplic.il ion  lo  conceptual  long-range  and  local-area  defense  missiles 
will  thi'ii  he  indie, lied.  In  the  first  case,  the  achievement  of  high  lift/drag 
ratio  is  Ilf  primarv  inqiortance  in  lrans|iorting  a  large  pay  load  lo  a 


Figure  1.  Effect  of  L  D  on  cruise  missile 
weight. 


distant  target.  In  the  latter  case,  the  agility  of 
the  missile  is  of  primary  importance  in  the 
antiair-warfare  mission.  The  dynamic  perfor¬ 
mance  of  the  missile  is  related  to  the 
aerodynamic,  structural,  and  control 
r:harac:teristic:,s  of  the  airframe.  In  both 
trxamples,  the  \alue  of  effecib'e  airframe  design 
and  integration  will  lie  demonstrated. 


Figure  2.  Efiei  t  ot  airframe  manimv cratjilily 
on  miss  tiislance. 


Long  Range  Missile  Concept 

.Shown  in  Figure  .'i  are  a  numl)er  of  airirame 
design  concepts  tiiat  contrilnite  to  iiigti  lifl'drag 
ratio  or  liigli  manein eraihlily.  Eacli  oi  llie  con¬ 


cepts  will  be  briefly  described.  Additional 
details  can  be  found  in  an  earlier  paper. ^  This 
missile,  designed  to  cruise  approximately  900 
nautical  miles  at  Mach  number  6  at  an  altitude 
of  100,000  feet,  incorporates  the  following 
features: 

•  Noncircular  body  (high  lift/drag  ratio) 

•  Propulsion/airframe  integration  (high 
lift/drag  ratio) 

•  "Waverider”  wings  (high  lift/drag  ratio) 

•  Sliding  canard  controls  (maneuverability) 

•  Swiveling  plug  nozzle  (maneuverability) 

•  Conformal  phased-array  radar  (high 

lift/drag  ratio) 


Figure  3.  Features  of  hypersonic  airframe. 


.Noncircular  Body 

As  a  general  rule,  the  lift  of  n  body  increases 
with  its  planform  area,  while  its  wave  drag  in¬ 
creases  with  cros.s-seclional  area.  Thus  for  high 
lifltdrag  ratio,  a  flattened  cross  section  is 
desirable.  However,  constraints  imposed  by 
launcher  geometry,  structural  efficiency,  and 
friction  drag  tend  to  push  the  configuration 
toward  a  round  cross  section.  The  performance 
analysis  assumes  a  4:3  ratio  of  body  width  to 
ludglit.  hut  that  is  probably  not  optimum.  Ex¬ 
tending  the  side  edges  of  the  body  to  a  point, 
as  shown  by  the  dotted  lines  in  Figure  3,  might 
increase  the  lift  without  having  much  adverse 
effect  on  drag  or  structural  weight. 


Propnl.sion/.Xirframe  Integration 

An  airhreathing  engine  (ramjet/scramjet)  has 
two  significant  performance  advantages  over  a 
rocket  for  long-range  hypersonir:  flight,  it  has  a 
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higher  specific  impulse,  which  for  long  range 
more  than  compensates  for  its  heavier  engine 
weight. 

The  other  important  consideration  is  that 
compression  of  the  air  entering  the  inlet  con¬ 
tributes  to  engine  thrust.  Only  the  air  which 
does  not  enter  the  inlet  contributes  to  nose 
pressure  drag.  Furthermore,  since  the  nozzle  is 
designed  to  fill  the  missile  base  area,  base  drag 
is  effectively  eliminated. 

In  this  concept,  then,  the  airbreathing  engine 
reduces  the  body  drag  so  that  maximum 
lift/drag  ratio  occurs  at  relatively  low  lift  coeffi¬ 
cient,  permitting  flight  at  reasonable  altitudes 
(below  100,000  ft). 

VVaverider  Technology 

The  entire  configuration  could  be  optimized 
by  waverider  techniques  for  maximum  lift/drag 
ratio. However,  the  main  advantage  of  the 
waverider  at  hypersonic  speeds  is  that  it  traps 
high-pressure  flow  on  the  underside  of  the 
configuration.  Any  triangular  wing  with  super¬ 
sonic  leading  edges  performs  much  the  same 
function.  This  technology  is  thus  incorporated 
in  the  design  shown  in  Figure  3. 

Sliding  Controls 

To  improve  maneuverability,  the  design  in¬ 
corporates  a  sliding  canard  control  illustrated 
in  Figure  4.  The  canard  control  has  the  poten¬ 
tial  for  faster  missile  response  and  greater 
missile  acceleration  than  wing  or  tail  controls, 
arising  from  the  fact  that  the  canard  force  is  in 
the  same  direction  as  the  body  force,  while  the 
force  on  a  tail  control  opposes  the  acceleration 
of  the  vehicle  flight  path. 


Unfortunately,  canard  deflection  must  be 
limited  at  high  missile  angle  of  attack  to  avoid 
stall  of  the  control  surface.  However,  in  the 
sliding  control  concept  no  rotational  deflection 
motion  is  allowed.  Instead,  the  sliding  control 
surface  is  set  at  some  modest  deflection  angle. 
The  control  force  is  altered  by  changing  the 
amount  of  control  surface  exposed  to  the  flow. 
The  sliding  motion  of  the  control  surface  does 
not  alter  the  angle  of  attack  of  the  canard,  help¬ 
ing  to  avoid  stall  of  the  control  surface.  The 
canard  surfaces  slide  into  and  out  of  the  body 
symmetrically  for  pitch  control  and  asym¬ 
metrically  for  roll.  Setting  the  tail  at  a  small 
positive  angle  of  attack  helps  to  trim  the  vehi¬ 
cle,  increases  the  maximum  lift/drag  ratio,  and 
provides  a  negative  pitching  moment  when  the 
canards  are  fully  retracted. 

The  same  canard  control  effectiveness  could 
be  achieved  by  installing  conventional 
deflecting  canard  surfaces,  whose  area  would 
be  equal  to  that  of  the  sliding  controls  in  their 
fully  extended  position,  and  deflecting  them  in 
the  conventional  manner.  Large  control  surface 
area  is  undesirable,  however,  because  of  the 
probability  of  encountering  high  hinge 
moments  requiring  correspondingly  powerful 
actuators.  Actuators  for  the  sliding  con(rols.  on 
the  other  hand,  need  only  overcome  bearing 
friction  which  can  be  made  small;  bow'ever, 
this  design  issue  has  not  been  addressed.  Thus, 
the  main  value  of  the  concept  might  turn  out  to 
be  in  the  development  of  all-electric  missiles, 
since  the  low  actuator  force  requirement  could 
make  electric  motors  competitive  with 
hydraulic  or  pneumatic  drivers. 

Swiveling  Plug  Nozzle 

A  conventional  contoured  nozzle  could  be 
replaced  or  augmented  by  a  two-dimensional 
plug  nozzle.  Furthermore,  the  plug  could  be 
rotated  to  deflect  the  thrust  vector  to  provide 
trim  or  pitch  control.  It  could  be  split  and  the 
halves  deflected  differentially  to  supply  rolling 
moments  as  shown  in  Figure  5.  Experiments 
indicate  that  the  thrust  can  be  adequately 
deflected  by  such  a  device.*’ 

Guidance/Airframe  Integration 

To  achieve  high  lift/drag  ratio,  the  airframe 
must  be  relatively  flat,  and  hence  bank-to-turn 
guidance  is  implied.  In  addition,  a  conformal 
phased-array  radar  permits  greater  flexibility  in 
the  design  of  a  missile  nose  than  would  a  con¬ 
ventional  circular-dish  antenna.  Interferometric 
antenna  designs  might  also  be  used 
advantageously. 
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Performance  Estimates 

Lift/Drag  Ratio 

Figure  6  shows  plots  of  estimated  lift/drag 
ratio  and  corresponding  lift  coefficient  as 
functions  of  angle  of  attack  cal^culated  with  a 
simple  noncircular  body  code.'  The  configur.a- 
tion  is  shown  in  Figure  3.  Flight  is  at  Mach  =6, 
and  Reynolds  number  based  on  body  length  = 
6.6  X  10*’.  The  estimated  lift/drag  ratio  exceeds 
4.8  at  angles  of  attack  between  3.5  and  6°.  The 
corresponding  lift  coefficients,  based  on  max¬ 
imum  body  cross-sectional  area,  are  .70  to  1.03. 
The  sliding  canard  is  set  at  6°  deflection  with  a 
semispan  of  15  inches  (1/2  the  body  width). 

The  wings  are  set  at  2°  incidence  providing  a 
trimming  moment  when  the  canards  are 
retracted. 


If  the  initial  weight  of  the  vehicle  is  assumed 
to  be  1900  pounds,  then  it  can  cruise  over  900 
nautical  miles  at  an  altitude  of  about  100,000 
feet  with  a  lift/drag  ratio  of  4.8  and  a  lift  coeffi¬ 
cient  of  .7  to  .9.  Table  1  shows  a  possible 
weight  breakdown,  assuming  a  specific  impulse 
=  800  seconds.  Based  on  a  one-dimensional 
performance  estimate,®  about  40  percent  of  the 
air  traversing  the  nose  frontal  area  is  swallow¬ 
ed  by  the  scramjet  engine.  The  nozzle  exhaust, 
fully  expanded,  fills  the  missile  base  area.  A 
specific  impulse  of  about  800  seconds  appears 
appropriate  for  conventional  hydrocarbon  fuels. 


Table  1.  Weight  Breakdown 


Component 

Weight 

(lb.) 

Fuel 

470 

Warhead 

420 

Guidance 

200 

Structure 

500 

Propulsion 

200 

Other 

110 

TOTAL 

1900 

Range  =  900  N'mi 
Specific  Impulse  =  800  Sec. 


Ducted-Rocket  Booster 

The  mi.ssile  is  assumed  to  be  boosted  verti¬ 
cally  from  ground  to  50,000  feet  in  order  to 
accelerate  it  to  a  ramjet  takeover  velocity.  The 
booster  parameters  are  shown  in  Table  2.  The 


Table  2.  Booster  Parameters 


Fuel  Weight 

2000  lb. 

Structure  Weight 

200  lb. 

Burning  Rate 

100  lb. /sec. 

Specific  Impulse 

300  sec. 

Thrust 

30,000  lb. 

Final  Velocity 

4150  ft. /sec. 

Final  Altitude 

50,000  ft. 

Flight  Time 

20  sec. 

Figure  6.  I,/D  and  lift  coefficient  at  M  =  6. 
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assumed  specific  impulse  of  300  seconds  is 
somewhat  high  for  a  solid  fuel.  However,  since 
the  rocket  exhaust  is  normally  fuel  rich,  thrust 
can  be  augmented  by  air  addition  (a  “ducted 
rocket”).  This  promising  technology  appears  to 
be  currently  unexploited. 

High  Performance  Missile  Airframe 
Conceptual  Design 

The  focus  of  the  High  Performance  Missile 
project  is  to  provide  required  technologies  to 
support  Local-Area  Defense  (LAD)  missiles  that 
can  defeat  the  threats  in  the  2010 -f  time  frame. 
The  driving  threats  are  the  very  low  observable 
subsonic  and  highly  maneuverable  supersonic 
sea-skimming  anti-ship  missiles.  These  threats 
require  LAD  missiles  to  have  high  average 
speeds  and  high  maneuverability,  well  beyond 
current  missile  capabilities.  In  addition, 
significantly  shorter  terminal  homing  times  are 
projected  even  with  advanced  RF  seekers.  As  a 
consequence,  homing  time  constants  will  be 
approximately  one-half  of  the  current 
capabilities,  while  maneuver  level  requirements 
are  nearly  doubled.  In  order  to  increase  ship 
magazine  loadout  and  ultimately  to  improve 
ship  firepower,  LAD  missiles  are  required  to 
he  compatible  with  the  Vertical  Launching 
System  (\'LS|. 

The  objective  of  this  effort  is  to  determine 
critical  airframe  technologies  needed  to  .satisfy 
the  requirements  and  constraints  mentioned 
above. 

In  this  task,  conventional  aerodynamic  con¬ 
trols  appeared  to  be  attractive  since  they  take 
advantage  of  the  high  dynamic  pressure 
environment  that  would  exist  for  most  of  the, 
missile  s  Oight,  Low  altitude  interce[)ts  and 
high  average  velocities  are  required.  It  was 
decided  to  begin  formulation  of  a  concept 
using  aerodynamic  tail  controls.  The  airframe 
was  designed  to  support  semi-active  KF  seeker 
guidance.  It  was  recognized  that  there  is  a 
tundamental  tradeoff  between  the  seeker  and 
the  autopilot  time  c.onstants  sinc.e  both  con¬ 
tribute  to  the  terminal  homing  time  constant 
and  miss  distance.  In  previous  designs,  the 
autopilot  time  constant  is  approximately  one- 
half  of  the  overall  missile  homing  time 
constant.  Based  on  this,  autopilot  time  constant 
reductions  of  approximately  50  percent  of 
current  capability  are  required. 

Results  from  a  nonlinear  rigid  body  autopilot 
simulation  (Figure  7)  indicate  that  the  body-tail 
concept  sized  for  the  mission  could  not  achieve 


the  desired  time  constant  goal  when  executing 
a  maximum  maneuver  step  command. 

Autopilot  instability  occurs  when  the  tail 
control  actuator  rates  are  not  high  enough  to 
support  the  autopilot  bandwidth.  Current 
actuators  can  provide  only  about  one-half  of 
the  required  rate.  It  did  not  seem  reasonable  to 
expect  actuator  technology  to  double  current 
fin  rates  without  significantly  increasing 
actuator  size  and  cost.  Therefore,  alternate  air¬ 
frame  designs  were  considered.  The  sliding 
canard  concept,  which  addresses  this  problem, 
is  not  applicable  to  this  skid-to-turn  missile 
design. 

Although  not  readily  apparent,  increasing  the 
aerodynamic  gain  of  the  body-tail  airframe 
appeared  to  be  an  attractive  solution  to  the  fin 
rate  limited  response  problem.  .Vdding  wings  is 
one  method  of  increasing  the  aerodynamic 
gain.  A  missile  with  wings  can  meet  the 
maneuver  requirements  at  lower  angles  of 
attack.  As  a  result,  the  pitch  rates  ai.d  cor¬ 
responding  fin  deflection  rates  can  be  reduced. 
Autopilot  analyses  showed  that  if  the  normal 
force  coefficient  for  small  angles  of  attack 
could  be  increased  by  a  factor  of  two.  the 
desired  autopilot  time  constants  could  be 
attained.  An  added  benefit  of  increasing  the 
aerodynamic  gain  is  the  reduction  of  parasitic 
feedback  due  to  the  radome  boresight  error 
slope,  which  can  reduce  the  overall  missile 
homing  time  constant.  Since  the  VLS  con¬ 
strained  the  semispan  of  wings  and  fins  to  one- 
caliber  (8  inches)  long,  dorsal  wings  were 
investigated.  Based  on  estimates  from 
AEROPREDICT10N.®''°  NANC."  and 


Figure  7.  Effect  of  fin  rate  limit  on  body-tail 
airframe  maneuverability. 
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Figure  8.  Increase  in  normal  force 
coefficient  for  various  dorsal  lengths. 


missiles'"  codes  shown  in  Figure  8,  six- 
caliber  chord  length  dorsals  nearly  double  the 
normal  force  (at  a  given  angle  of  attack) 
compared  to  a  body-tail  missile  w'ithout  a 
dorsal.  It  was  estimated  that  the  six-caliber 
chord  length  dorsal  can  be  positioned  on  the 
missile  so  that  the  configuration  is  nearly 
neutrally  stable  without  blocking  warhead 
fragmentation.  A  preliminary  design  of  a  self- 
erecting  dorsal  fin  and  hinge  mechanism  was 
iinestigated  to  determine  the  added  weight  of 
the  dorsal  wings.  The  dorsals  w'ere  designed  to 
(:arr\  a  maximum  loading  distribution  com- 
jjuted  using  the  code.  The  body- 

dorsal-tail  concept  was  then  resized  using  solid 
roc:ket  design  c:odes  to  achieve  the  range  and 


Figure  9.  Effect  of  fin  rate  limit  on  body- 
dorsal-tail  airframe  maneuv(!rahility. 


average  speed  requirements.  Figure  9  indicates 
that  the  body-dorsal-tail  concept  can  achieve 
the  desired  time  constant  goal  with  state-of-the- 
art  actuators. 

The  folding  dorsal  wings  create  other  air¬ 
frame  concerns.  Because  the  spans  of  the  tail 
and  the  dorsals  are  limited  by  the  launcher,  the 
span  of  the  tail  cannot  be  increased  to  obtain 
the  desired  roll  control  authority.  The  dorsals 
increase  the  induced  rolling  moments  which,  in 
turn,  require  additional  roll  control  as  the  angle 
of  attack  is  increased.  However,  the  simulations 
indicate  that  the  body-dorsal-tail  can  meet 
maneuverability  requirements  at  low  angles  of 
attack.  Estimates  of  the  induced  roll  moments 
and  roll  control  authority  were  made  using  the 
MISSILES  code  and  later  verified  in  a  wind 
tunnel  test.  Adequate  roll  control  authority  vvas 
confirmed  up  to  moderate  angles  of  attack.  Un¬ 
folding  dorsals  during  the  launch  and  pitchover 
flight  phases  is  another  concern.  The  weight 
and  reliability  of  the  hinge  mechanism  are 
design  issues.  Another  set  of  folding  fins  on  the 
booster  is  required  in  order  to  deploy  the 
dorsals  immediately  after  exiting  the  VLS. 
Otherw’ise,  excessive  aerodynamic  instability 
will  limit  the  pitchover  rates  at  launch.  High 
pitchover  rates  are  needed  to  enable  the  missile 
to  intercept  at  minimum  ranges.  It  should  be 
pointed  out  that  composite  airframe  materials 
were  required  to  meet  the  performance  goals. 
Figure  10  is  an  intcnal  drawing  of  the  concep¬ 
tual  airframe. 


Figure  10.  High  performance  missile,  internal 
layout. 


It  is  also  recognized  that  increasing  the 
autopilot  bandwidth  in  order  to  achieve  the 
desired  time  constant  will  reduce  the  frequency 
separation  betw-een  the  first  body-bending  mode 
and  the  autopilot  bandwidth.  The  autopilot  rate 
gyro  and  accelerometer  sense  both  the  rigid 
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body  and  natural  bending  mode  vibration  of 
the  airframe,  thus  corrupting  the  rigid  body 
information  that  is  used  by  the  autopilot  to 
control  the  airframe.  The  longer  airframes  (due 
to  launcher  constraints)  have  lower  bending 
mode  frequencies,  thus  exacerbating  the 
frequency  separation  problem.  Traditionally, 
when  there  is  sufficient  frequency  separation 
between  the  first  bending  modes  and  the 
autopilot  bandwidths,  notch  filters  may  be  used 
to  cancel  the  flexible-body  feedback  that  enters 
the  autopilot  through  the  rate  gyros  and 
accelerometers.  The  stability  of  the  autopilot 
without  sufficient  separation  from  the  low 
frequency  first  bending  mode  is  a  critical 
problem.  A  linear  flexible-body  autopilot 
analysis  was  used  to  investigate  the  stability. 
The  results  revealed  that  the  desired  autopilot 
time  constant  could  be  obtained  at  some  condi¬ 
tions;  however,  the  gain  and  phase  margins 
were  not  adequate  for  robust  performance. 
Figure  Tl  shows  that  even  w'hen  there  is 
perfect  notch  filter  cancellation  of  the  first 
bending  node,  unwanted  dynamics  can  remain 
in  the  control  system.  Airframe  vibration  is  a 
critical  problem  that  must  be  addressed  in 
order  to  reduce  missile  time  constant  by  any 
significant  amount.  For  this  reason,  three 
technology  approaches  were  identified. 


Figure  11.  Time  response  with  unacceptable 
dynamics  duo  to  airframe  vibration. 


The  primary  problem  with  airframe  vibration 
is  that  the  natural  bending  mode  damping  ratio 
is  usually  very  small.  It  is  believed  that 
composite  fiber-wound  airframe  components 
can  be  fabricated  to  increase  the  damping  ratio 
significantly.  This  solution  will  require  fabrica¬ 
tion  and  experimental  modal  analysis  to  verify 
the  actual  damping  ratios  achieved.  Since 


others,  particularly  in  industry,  were  already 
investigating  composites,  it  was  decided  to 
concentrate  on  active  vibration  control  and 
robust  control  approaches.  These  approaches 
are  high  risk,  hut  have  higher  payoffs  with 
many  potential  applications. 

Efforts  are  being  pursued  to  develop  an  in¬ 
dependent  mechanical  control  system  concept 
that  will  dampen  the  natural  bending  modes. 
This  concept  is  similar  to  the  approaches  being 
pursued  for  active  vibration  control  of 
lightweight  space  structures.  The  missile  active 
vibration  suppression  system  is  envisioned  as 
an  independent  system  including  sensing  of  the 
vibration,  control  logic  processing,  and  act¬ 
uating  components.  The  missile  airframe  is  a 
rather  heavy  structure  when  compared  to  the 
space  structures.  As  a  result,  a  more  powerful 
actuator  is  required.  Magnetostrictive  materials 
are  being  investigated  as  actuating  components 
since  they  have  nearly  an  order  of  magnitude 
more  striction  and  energy  density  than  ceramic 
piezoelectric  materials.  One  possible 
implementation  of  the  active  system  is  to  place 
the  magnetostrictive  actuators  in  missile  joints 
(Figure  12)  so  that  the  actuator  forces 
counteract  the  bending  modes.  Efforts  are 
ongoing  to  demonstrate  active  vibration  control 
feasibility  using  a  single  degree-of-freedom 
system  for  a  simple  beam. 

Another  potential  solution  to  the  vibration  is 
to  apply  less  conservative,  more  robust 
autopilot  design  methods.  H-lnfinity  and  Mu- 
Synthesis’^  methods  are  expected  to  yield  more 
robust  autopilot  design.  Mu-Synthesis  methods 
will  allow  stable  designs  with  greater  gain  and 
phase  margins  than  the  more  conservative 
classical  approach. 


Figure  12.  Conceptual  airframe  vibration 
suppression  system. 
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Conclusions 

Two  examples  of  airframe  concepts  aimed  at 
improved  aerodynamics  performance  at  both 
long  and  short  range  were  presented.  Enhanced 
aerodynamics,  structures,  flight  mechanics,  and 
control  system  design/analysis  tools  were  used 
in  the  examples  presented.  The  design  tools  are 
a  critical  part  of  demonstrating  the  feasibility 
of  conceptual  airframe  designs  in  a  cost- 
effective  manner.  Effective  analysis  tools  are 
essential  in  the  testing  of  innovative  airframes 
by  reducing  the  size  of  test  programs  that  must 
be  conducted  and  by  estimating  performance  at 
conditions  that  cannot  be  tested.  Innovative  air¬ 
frame  design  and  integration  supported  by 
advanced  airframe  technology  can  improve 
missile  performance,  avoiding  much  of  the  cost 
of  increasing  propulsion,  warhead,  or  seeker 
performance. 
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The  Use  of  Holographic  Interferometry 
for  Flow  Diagnostics 

IV.  C.  Spring,  III,  W.  /.  Yanta  and  K.  U.  Gross 


The  use  of  interferometry  as  a  viable  diagnostics  tool  for 
aerodynamics  research  has  been  through  several  cycles  of 
popularity  in  the  last  five  decades.  It  has  ahvays  held  great 
potential  fo.  providing  an  enormous  amount  of  information 
about  a  jloiv  field,  but  the  greatest  difficulty  has  been  the 
retrieval  of  data  from  the  interferograms.  With  the  advent  of 
lasers,  high-speed  desktop  computers  with  increased  memory 
capacity,  and  high-resolution  image  processing  techniques,  in¬ 
terferometry  has  become  a  useful,  efficient  tool  for  providing 
valuable  data  about  complex  flow  fields  around  missile  and  air¬ 
frame  configurations  being  tested  in  v\ind  tunnels.  This  article 
gives  a  brief  history  of  interferometry,  the  development  of 
holographic  interferometry,  the  Naval  Surface  Warfare  Center's 
IN.'W'SWC.'s)  contributions  to  the  development  of  holographic 
interferometry  for  aerodynamic  testing,  its  impact  on  accurate 
modeling  of  fluid  and  gas  flows,  and  some  of  the  areas  of  future 
research. 


Introduction 

Interferometry  has  been  used  for  many  years  as  a  nonintrusi\'e  means  of 
measuring  (iensities  in  a  transparent  medium,'  such  as  the  flow  around 
models  during  wind  tunnel  testing  (Figure  1),  The  interferometer  is 
sensitive  to  differences  in  optical  path  length  between  two  light  beams,  for 
e.xample,  where  one  beam  has  passed  through  the  wind  tunnel  and  the 
other  has  passed  a'^ound  it.  These  optical-path-length  differences  are  caused 
by  changes  in  the  index  of  refraction  of  the  transparent  gas.  These  changes 
of  index  are  directly  related  to  the  changes  in  density  of  the  gas.  The  path- 
length  differences  are  made  visible  by  the  interference  fringes  in  the  image 
(Figure  2|.  These  fringes  are  a  function  of  the  wavelength  of  light  used  to 
make  the  interferogram,  hence  they  are  a  known  measurement  reference. 

Prior  to  the  advent  of  the  laser,  classical  interferometry  had  been  very 
difficult,  particularly  in  the  relatively  hostile  environment  of  wind  tunnel 
test  facilities.  Interferometry  requires  a  characteristic  of  light  called 
coherence.  .N'orinal  light  sources,  to  be  sufficiently  coherent  for  inter¬ 
ferometry,  must  be  highly  filtered,  which  means  that  most  of  the  output 
energy  is  not  available  for  making  the  interference  patterns. 

The  laser  provides  a  light  source  that  has  high  energy  levels  of  highly 
coherent  light.  The  optical  and  mechanic;al  c:onstraints  of  classical  inter¬ 
ferometry  can  be  greatly  eased  by  the  use  of  lasers.  The  technique  of 
coherent  imaging  called  holography  (also  made  practical  by  lasers)  can  be 
used  to  make  interferometry  even  more  versatile  and  convenient.  In  addi¬ 
tion,  the  availability  of  high-speed,  desktop  computers  with  large  memory 
capacity  in  the  last  sevanal  years  has  allowed  the  use  of  dedicated  data 
processing  systems  that  make  the  modern  techniques  hn  data  reduction 
from  these;  interf«;rograms  practical. 
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schematic. 


Holographic  Interferometry 

Background 

Lasers  ha\e  rnadt;  a  techniqiK?  known  as 
holography  a  practical  tool  for  the  scientific 
researcher, Holography  is  the  recording  of 
a  uniqim  interference  pattern  on  a  photo- 
sensiti\e  plate  such  that  this  pattern  can  be 
reconstructed  to  regenerate  the  original  optical 
wave.  In  nuich  the  same  way  as  with  the 
interff;romet(>r,  tfie  out(tut  from  the  laser  light 
sourta?  is  split  into  two  beams'.  One.  the  object 
heam,  is  reflected  off  or  transmitted  through 
thi^  object:  the  second,  the  r(d'orom:e  beam,  is 
directed  around  the  object  (Figure  3|.  Both 
lieams  are  then  re(:ombii\ed  in  the  plane  of  a 
photo  recijrding  medium  (usually  a  ‘ilm  plate), 
itecause  (jf  the  naturs;  of  th(!  interference 
pattern,  both  the  amplitude  and  the  phase  of 
the  light  waves  are  recorded.  When  tlu! 
hologram  is  re-illuminated  with  a  cohvucmt  light 
lor  white  light  in  sonu!  uniciue  ctises)  that  is  a 
duplicate  of  the  reference  heam.  the  rei:ord(!(l 
interferen(:(:  pattern  will  viefract  some  energy 
iiilo  a  bisim  that  is  a  replic:a  (jf  the  ohj(!(;l  biram. 
This  reconsiruclisi  object  bfsim  c.onlains  all  the 


Figure  2.  Finite  fringe  interferogram  of  blunt 
cone. 


amplitude  and  phase  information  of  tlie 
original  object  beam,  and  hence  looks  and  acts 
like  the  original  beam.  This  is  why  holography 
has  been  called  ’  lensless  photography."  and  it 
c:an  produce  visually  dramatic  three- 
dimensional  images. 

.Since  the  reconstructed  wave  contains  phase 
as  well  as  amplitude  information,  images 
simultaneously  reconstructed  from  two  separate 
holograms  can  be  made  to  interfere  with  each 
other  in  muv:h  the  same  way  as  the  two  beams 
of  an  interferometer.  This  is  the  basis  of  the 
holographic  interferometry  used  at  N'AVSVVC  to 
(letermim?  flow-field  densities  during  wind  tun- 
nid  l(!sts.  Oni!  hologram  is  taken  through  the 
lunm!l  test  cell  before  the  How  is  started,  and  a 


Figure  3.  Schematic,  of 
hologram  construction. 
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second  one  is  taken  after  the  supersonic  flow  is 
established.  The  two  holograms  are 
reconstructed  together  and  the  optical  path 
length  differences  between  them,  caused  by 
density  changes  in  the  airflow,  are  seen  as  in¬ 
terference  pruterns. 

Holographic  System 

To  construct  holograms  of  wind  tunnel  flow 
fields,  a  Z-type  schlieren  system  (Figure  4)  is 
used.  This  optical  system  is  the  standard 
technique  for  routine  flow  visualization.  The 
normal  light  source  is  replaced  with  pulsed 
ruby  laser,  which  provides  a  high-intensity, 
short-duration,  collimated,  coherent  beam  of 
light.  parti, al  beamsplitter  at  the  output  of  the 

laser  splits  off  a  small  fraction  (typically  about 
lOT)  of  the  energy,  which  is  used  to  create  the 
holographic  reference  beam.  This  beam  is 
directed  over  the  wind  tunnel  toward  the  film 
plane.  The  remaining  laser  energy  is  imaged 
into  the  schlieren  system,  vvhich  produces  a 
large  diameter  collimated  beam  passing  through 
the  tunnel  lest  cell,  and  then  it  is  focused  near 
the  film  plane.  In  the  film  plane,  both  beams 
are  recombined  to  form  the  hologram. 

'I'he  special  hologiajihic  quality  ruby  laser 
us('d  as  the  light  source  is  Q-switched  to  pro- 
\'ide  very  short  duration  exposures  on  the  order 
ol  20  nanoseconds  (2x  10  ''  stjconds).  Thest; 
sli(.)rt  exposure  tinuis  freeze  the  (low-field 
density  patterns,  and  also  freeze  the  minute 
interference  patterns  that  form  the  hologram. 
The  laser  also  has  mode  selectors  in  tin;  cavity 
that  iiicrease  both  the  tcnnportil  and  spatial 
coherfuice  so  that  high-ciuality  holograms  can 
he  made.  The  ruby  laser  is  constructed  si.u:h 
that  a  small  helium-neon  hiser  c.an  bo  aimed 
through  it  for  aligning  the  laser  system  with 
thi^  schlieren  optics,  and  so  the  Q-switched 
pulse  can  he  monitored  with  (jscilloscopes. 

mimtioned  earlittr,  two  separtite  holognim,, 
are  constructed  tor  each  t(^st:  the  laTentnce 


hologram,  taken  with  no  flow  in  the  tunnel, 
and  the  object  (or  scene)  hologram,  taken  with 
the  tunnel  at  the  flow  conditions  to  be 
measured.  In  an  optical  sense,  these  two 
holograms  are  the  two  separate  legs  of  a 
classical  interferometer. 

After  the  plates  are  processed,  they  are 
reconstructed  with  a  helium  neon  laser  (for 
video  digitizing)  or  an  argon  laser  (for  making 
large  negatives).  When  these  plates  are 
reconstructed  simultaneously,  the  differences  in 
optical  path  length  between  the  two  are  visible 
as  interference  fringes  (Figure  2).  The  in¬ 
terference  pattern  can  be  changed  by  moving 
one  of  the  holograms  with  respect  to  the  other, 
as  shown  in  Figure  5.  Also,  the  scene  hologram 
can  be  reconstructed  by  itself  to  form  either  a 
shadowgraph  or  a  schlieren  image. 
Shadowgraph  and  schlieren  are  much  more 
common  methods  ot  flow  visualization,  but  are 
less  quantitative  than  interferometry.  Thus, 
holographic  interferometry  offers  the  advantage 
that  all  three  of  the  classical  flow  visualization 
techniques  can  be  employed  on  the  same  test. 

Another  advantage  of  holographic  inter¬ 
ferometry  is  that  the  interference  patterns  can 
be  generated  in  the  controlled  enr  ironment  of 
the  optics  lab  at  a  convenient  time  after  the 
test,  instead  of  in  the  relatively  hostile,  real¬ 
time  imvironment  of  modern  hyporvelocity 
wind  tunnels.  This  places  fewer  demands  on 
the  opt’cal  setup  and  data  reduction 
techniques. 

Data  Reduction 

But:kground 

The  basic  info.inution  extracted  from  the  in- 
lerferograms  is  the  optical  path  length  dif¬ 
ferences  between  the  object  and  reference 
images.  The  fringe  shifts  across  the  field  are  a 
diren:!  measure  of  these  path  length  differem-.es. 
Th(^  classical  way  to  measure  this  is  to  count, 
or  track,  fringes.  The  straight-line  fringes  in  the 


Figure  4.  Schematic  of  Z-lyi)e 
scdilieren  sys'mn  for  hologram 
construction. 
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free-stream  region  outside  the  shock  wave, 
where  the  gas  density  is  known,  are  used  as 
reference  fringes.  The  distance  the  fringes  are 
shifted  within  the  flow  field  is  directly  related 
to  the  unknown  gas  density  in  these  areas.  In  a 
complex  flow  field,  however,  the  task  of  deter¬ 
mining  these  fringe  shifts  for  every  point  in  the 
field  is  tedious  and  time  consuming  if  manually 
counting  is  the  only  method  of  extracting  the 
data.  For  years  it  was  this  limitation  that 
prevented  interferometry  from  becoming  a 
practical  measurement  technique. 

Data  Reduction  Technique 

The  key  to  the  data  reduction  technique 
developed  at  NAVSWC  for  analyzing  flow-field 
interferograms  is  the  fact  that  the  two 
holograms  are  recorded  on  separate  plates.  The 
''dual-plate"  method,  developed  by  Havener 
and  Radley,®  was  applied  to  the  NA'VSWC 
tunnels  originally  by  Hannah  and  Havener.® 
and  has  been  used  by  all  other  investigators 
since.  This  method  allows  the  interference 
patterns  to  be  continuously  varied  during  the 
reconstruction.  The  double-exposure  technique, 
which  is  the  other  common  method  of 
holographic  interferometry,  fixes  the  pattern  in 
place  at  the  time  of  the  exposures.  The  dual¬ 
plate  method  leads  directly  to  the  scheme 
called  "phase-shifting”  interferometry. 

Although  not  the  first  to  use  phase-shifting 
interferometry,  NAVSWC  has  developed  the 
technique  for  analysis  of  flow-field 
interferograms  where  sharp  density  gradients 
are  encountered,  such  as  at  supersonic  shocks. 

The  principle  of  phase-shifting 
interferometry^’®  is  that  a  map  of  the  relative 
phase  of  the  interference  pattern  can  be 
calculated  from  three  intensity  maps  of  the 


field.  The  condition  is  that  the  background 
fringes  of  the  three  intensity  maps  must  have  a 
constant,  known  phase  shift  between  them. 

This  is  why  the  ability  to  shift  the  fringe 
pattern  during  the  reconstruction  of  a  pair  of 
holograms  of  the  same  test  conditions  is  impor¬ 
tant.  Also  required  for  this  technique  is  a 
computer-based,  high-resolution  video  digitizing 
system  with  the  memory  and  software  capabil¬ 
ity  to  do  image  processing  and  large-array 
calculations. 

The  current  data  reduction  capabilities  at 
NAVSWC  include  a  dual  plate  holder  used 
during  reconstruction  that  was  developed  by 
Havener  and  Radley.®  The  apparatus  provides 
multiple  degrees  of  freedom  to  move  one  plate 
with  respect  to  the  other.  The  plates  are 
initially  aligned  to  reconstruct  an  infinite  fringe 
interferogram  (see  Figure  6);  then  the  object 
plate  is  translated  horizontally  until  the  desired 
background  fringe  spacing  is  obtained. 

The  reconstructed  interferograms  are  imaged 
into  a  high-resolution  video  camera,  which  has 
gain  and  contrast  adjustments  to  control  the 
level  and  range  of  the  output  signal.  This  out¬ 
put  is  then  fed  into  a  PC-based  image  digitizing 
system  (FrameGrabber  from  Imaging 
Technology  Corp.).  The  result  is  a  512x512 
pixel  array  of  digitized  intensity  values 
representing  the  interference  pattern. 

To  capture  the  images  required  for  the  phase- 
shifting  methods,  the  object  plate  is  driven 
laterally  small  fractions  of  an  inch  by  an 
accurately  controlled  piezoelectric  micrometer 
calibrated  to  produce  nl2  phase  shift  in  the 
interference  pattern.  Typically,  five  images  are 
digitized  for  each  pair  of  holograms  analyzed. 
They  represent  phase  shifts  of  0,  nl2,  n,  3n/2, 
and  2n  radians.  Once  these  images  have  been 
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Figure  6.  Infinite  fringe  interferogram  of 
blunt  cone. 


digitized,  they  can  be  digitally  filtered  or  pro¬ 
cessed  in  a  number  of  ways  (by  ImageAction 
software  from  Imaging  Technology),  depending 
on  the  quality  of  the  input  images  and  the 
desired  output  product.  Also,  the  data  reduc- 
tit)n  routines  developed  at  NAVSWC  can  be 
run  to  calculate  phase  distributions  and  density 
values  throughout  the  flow  field. 

Data  Reduction  Theory 

As  shown  by  Creath,®  phase  shifting  inter¬ 
ferometry  utilizes  three  or  four  (depending  on 
the  reduction  algorithm  selected)  digitized  im¬ 
ages  of  the  intensity  fields  from  the 
reconstructed  interferograms,  with  nl2  phase 
changes  between  each  of  the  images.  The  inten¬ 
sity  of  each  of  the  points  (pixels)  in  the  field  is: 

I  =  I„ll +ycos(0)|  (1) 

where 

I  =  intensity  of  any  given  point  in  the 
field 

1(1  =  the  dc,  or  background,  intensity 
y  =  the  modulation  of  the 
interference  fringes 
0  =  the  phase  of  the  wavefront 

The  intensity,  I,  of  each  point  in  the  field  is 
detected  and  digitized  by  the  video  camera  and 
PC  FrameGrabber.  The  other  three  values,  I„,  y. 


and  0,  are  unknown,  hence  the  need  for  at 
least  three  digitized  images.  When  the  three  (or 
four)  intensity  fields  are  recorded  with  a  phase 
shift  of  n/2  between  them,  three  (or  four) 
simultaneous  equations  for  the  intensity  of  any 
given  point  in  the  field  (from  Equation  1)  are  as 
follows: 

Ii(x,y)  =  Io(x,y)[  1  +  ycos(0(x,y) +n/4]j  (2) 

l2(x,y)  =  Io(x.y)[l  ycos[0(x,y)  +  3Tr/4]!  (3) 

l3(x,y)  =  Io{x,y))H-ycos[0(x,y)-t-5n/4]j  (4) 

l4(x.y)  =  lo(x.y)!  1  +  ycos[0(x,y)  +  77i/4]  J  (5) 

These  can  be  solved  for  the  phase  0  at  that 
point  as  follows,  where  the  phase  is  in  radians: 


The  general  form  of  Equations  2  through  5 
can  be  solved,  but  if  the  phase  shifts  between 
the  separate  intensity  measurements  are  90° 
(n/2),  this  simplified  form  results.  Also,  to  solve 
the  general  form,  the  phase  shifts  between  each 
intensity  map  must  still  be  known,  so  it  is  more 
expedient  to  preselect  the  equally  spaced  shifts 
and  use  the  simpler  form. 

Equation  6  describes  a  particular  algorithm, 
termed  the  “three-bucket”  method,  since  three 
intensity  maps  are  required  to  calculate  the 
phase  map  of  the  field.  Several  other 
algorithms  have  also  been  examined,  namely 
the  “four-bucket,”  which  uses  four  intensity 
maps  with  phase  shifts  of  n/2,  the  “three-by- 
three,”  which  averages  two  three-buckets,  and 
the  Carre,  which  uses  four  intensity  maps  with 
unknown  (but  assumed  to  be  linear)  phase 
shifts. 

For  the  four-bucket  method,  which  uses  four 
of  the  intensity  maps,  the  equation  for  0 
becomes: 


The  three-by-three  method  averages  two 
three-bucket  phase  calculations,  one  using  Ij, 

I2,  and  I3,  the  second  using  I2,  I3.  and  I4. 

These  three  methods,  by  virtue  of  the  addi¬ 
tion  of  arbitrary  phase  shifts  introduced  into 
the  mathematics  by  the  intensity  map  phase 
shifts,  will  produce  different  calculated  phase 
values  from  the  same  set  of  intensity  maps. 
Since  the  desired  input  for  the  density  calcula¬ 
tions  is  phase  shift  relative  to  the  free  stream 
(or  other  reference),  all  calculated  phase  values 
are  normalized  to  zero  in  the  free  stream,  or  to 
the  other  reference  value. 
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The  Carre  method  uses  four  intensity  maps 
having  a  phase  shift  that  is  not  known,  but  is 
assumed  to  be  linear.  The  actual  phase  shift  is 
a  fourth  unknown,  but  can  be  calculated  from 
the  four  intensity  equations.  This  method  has 
not  yet  been  successfully  integrated  into  the 
NAVSWC  data  reduction  programs,  since  the 
phase  shifts  between  our  intensity  maps  are 
well  calibrated. 

All  of  these  methods  produce  phase  values 
that  are  modulo  2n,  with  a  range  from  — n  to 
+  TT,  which  means  that  a  plotted  curve  of  phase 
values  versus  distance  (radius)  will  be  discon¬ 
tinuous.  To  produce  a  continuous  phase 
distribution  curve,  the  calculated  phase  values 
are  stacked  on  each  other  at  the  discontinuities. 
This  is  done  with  software,  by  comparing  the 
phase  values  calculated  for  adjacent  pixels.  If 
the  phase  difference  is  greater  than  n,  then  2rr 
is  added  or  subtracted  to  make  the  difference 
less  than  n.  This  technique  produces  smooth 
phase  distribution  curves.  Typical  results  for 
the  inibally  ralruiatcd  ^jhasc  md  the  final 
phase  distributions  are  shown  in  Figures  7  and 
8.  These  results  are  for  the  flow  around  a  blunt 
cone  which  will  be  described  in  more  detail 
later  in  the  paper. 


Calculation  of  Density  Distributions 

Once  the  phase  has  been  determined,  the 
density  distributions  may  then  be  calculated. 
The  complexity  of  the  calculations  will  depend 
upon  the  geometry  of  the  phase  object  (flow 
field).  For  a  simple  2-D,  channel-type  flow  it 
can  be  assumed  that  the  density  is  constant 
along  the  light  path  through  the  field  of  view. 
The  refractive  index  n  and  density  q,  at  a  place 
where  the  fringe  shift,  or  phase,  is  N(y),  is 
given  by: 

N(y)A  =  (n-no)L  =  K(e-cJL  (8) 

where  n-1  =  Kp,  n^  and  are  the  refractive 
index  and  density,  respectively,  of  a  known 
value  of  gas,  X  is  the  wavelength  of  the  con¬ 
structing  laser,  K  is  the  Gladstone-Dale  constant 

fj3 

(0.117^Kig),  ^  length  through 

the  phenomenon  under  observation. 

Finally  q  =  +  N(y)A/KL  (9) 

Q  N(y)A 

or  _^  =  1  +  (10) 

e„  Qo  KL 
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Figure  7.  Phase  jump  technique 
(at  X  =  3.0  in.). 


Pixel  # 


PHI 

Value 

(Rad.) 


Figure  8.  Continuous  phase 
distribution  (at  X  =  3.0  in.). 


N'mol  Surftirr  Worffirn  Ccntf.T  Technical  Dincst 


For  axisymmetric  flows,  the  problem  is  more 
complex.  The  phase  distribution  can  be  related 
to  changes  in  the  optical  path  lengths  and 
density  for  a  refractionless,  axisymmetric  flow- 
field  by: 

N(yU  =  2 


where  N(y)  is  the  fringe  order  number  (phase 
shift  non-dimensionalized  by  2n).  This  is  the 
functional  description  of  the  changes  in  the 
optical  path  length  through  the  flow  field.  K, 
again,  is  the  Gladstone-Dale  constant,  R  is  the 
maximum  boundary  of  the  flow  field,  r  and  y 
are  independent  geometric  variables,  and  f(r)  is 
a  normalized  function  for  the  radial  distribu¬ 
tion  of  the  index  of  refraction  in  the  phase 
volume  (normalized  to  some  reference  condi¬ 
tion  n^),  described  as  follows: 

f(r)  =  n(r)  -  n„  (12) 


Different  assumptions  can  be  made  about  the 
density  in  each  of  the  annular  elements, 
including  linear  or  higher  order  variation.  The 
simplest  is  to  assume  that  the  density  is  con¬ 
stant,  hence  a  uniform  refractive  index  exists 
in  each  element.  This  results  in  a  system  of 
equations  given  by: 

=  (  2  Ar  ) 

where  the  coefficients  Aj^  |  are  given  by: 

Ak.i  =  v^k-fl)2-i2  -  v'fk2_i2) 

and  f|^  =  n(r)j)  -  n^.  Equation  14  represents  a 
set  of  simultaneous,  linear,  algebraic  equations 
which  must  be  solved  for  the  unknown  values 
of  f|j,  the  change  in  index  of  refraction.  The 
density  is  then  calculated  by: 

Ck  =  7  [fk  +  (151 


Since  the  density  function  f(r)  is  the  desired 

quantity,  the  integral  equation  must  be  inverted  Applications  of  Holographic 
resulting  in:  Interferometry 


A  variety  of  methods  are  used  to  solve  the 
above  equations  for  the  density  distribution. 
The  method  used  at  NAVSWC  divides  the  flow 
region  into  a  series  of  discrete  annular 
elements  (ringsl  of  constant  width  Ar,  as  shown 
in  Figure  9  (also  see  Vesf*).  Since  the  output 
from  the  digitization  results  in  a  large  number 
of  discrete,  equally  spaced  values  of  the  phase 
N(y),  this  method  lends  itself  particularly  well 
to  the  present  setup  because  the  phase  value 


By  way  of  introduction,  early  holographic 
experiments  that  have  led  up  to  the  dual-plate, 
phase-shifting  technique  will  be  discussed.  The 
first  application  of  holographic  interferometry 
at  NAVSWC  was  a  double-exposure,  diffusely 
illuminated  setup  that  was  used  to  plot  the 
three-dimensional  shocks  from  a  forward-facing 
step  and  a  cone  model  in  a  Mach  3  nozzle.  A 
continuous-wave  Argon  laser,  diffused  by  a 
ground  glass,  was  used  for  the  illumination. 
Photographs  of  the  reconstructed  images  along 
different  lines  of  sight  were  used  to  plot  the 
locations  of  the  shocks.  Although  not  rigorous, 
this  experiment  proved  that  the  three- 


determined  at  each  pixel  can  represent  the 
value  for  each  ring. 


Figure  9.  Phase  object  divided  into 
discrete  annular  rings. 
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dimensional  characteristics  of  holography  could 
be  used  effectively,  and  the  resulting  inter- 
ferograms  were  the  only  ones  made  at 
NAVSWC  that  show  visually  the  perspective 
and  parallax  that  are  evident  in  diffusely 
illuminated  holography.  This  experiment  is 
described  by  Ragsdale  and  Spring.® 

The  next  major  step  was  the  experiment 
described  by  Zien,  Ragsdale,  and  Spring, 
which  reports  the  conversion  of  a  standard 
schlieren  system  for  use  with  interferometry.  A 
pulsed  ruby  laser  was  used  for  these  tests,  and 
the  double-exposure  technique  was  used  to 
make  the  interferograms.  The  experiment  was 
run  with  a  cone  mounted  asymmetrically  in  a 
Mach  2  flow  field.  The  major  contribution  of 
this  work  was  in  the  data  reduction. 
Reconstructions  from  a  series  of  holograms, 
taken  as  the  model  was  rolled  through  different 
aspect  angles,  were  used  to  calculate  the  three- 
dimensional  density  field.  A  key  to  the 
successful  calculations  of  density  was  the 
application  by  Zien  of  an  area-invariance  to 
extrapolate  the  fringe  shift  values  in  the  opaque 
regions  of  the  interferograms,  where  the 
transmitted  light  is  blocked  by  the  solid  model. 

The  dual-plate  holographic  interferometer 
was  introduced  at  NAVSWC  as  a  working 
technique  by  Hannah  and  Havener®  as  part  of 
an  effort  to  automate  the  data  reduction,  and 
was  expanded  on  by  Hannah  and  King.’^  The 
first  attempt  at  automation  was  to  use  a 
computer-controlled  image  dissection  camera 
that  could  scan  the  interferometric  image  and 
track  fringes,  shock  waves,  model  edges,  etc., 
then  perform  the  required  data  manipulations 
to  produce  phase  maps  and  calculate  flow-field 
densities. 

Two-Dimensional  Inlet  Densities 

The  first  real  test  of  the  capabilities  of  the 
phase  shifting  technique  was  for  a  two- 
dimensional  flow  field  in  a  scramjet  inlet 
investigation  in  a  Mach  4  flow  (Figure  10).  This 
test  provided  a  good  evaluation  of  the  tech¬ 
nique  because  several  other  flow  diagnostic 
methods  were  also  used,  including  Laser  Dop¬ 
pler  Velocimetry  (LDV)  and  pressure  probes,  so 
that  the  results  from  the  various  methods  could 
be  compared.  This  work  has  been  presented  in 
McArthur,  et  al.’®  Basically,  the  dual-plate 
holograms  were  reconstructed  to  form  the  real¬ 
time  interferograms,  and  a  series  of  phase- 
shifted  images  was  digitized.  These  images 
were  then  converted  to  phase  maps  from  which 
uk,.isities  were  calculated.  The  calculated  den¬ 
sities  were  then  compared  to  densities  that  liad 
been  measured  in  the  inlef  with  pitot  probes, 
and  the  two  sets  of  densities  compared 
favorably. 


Figure  10.  Finite  fringe  interferogram  of 
scramjet  inlet. 


Three-Dimensional  Axisymmetric  Cone  Density 
Measurements 

The  next  challenge  for  the  phase  shifting 
technique  was  the  three-dimensional  axisym¬ 
metric  flow  field  around  a  blunt  cone  (see 
Figure  11).  This  problem  was  selected  because 


Figure  11.  Finite  fringe  interferogram  of  blunt 
cone. 
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it  was  a  relatively  straightforward  case  and 
both  experimental  and  computational  data 
(including  data  from  hand-plotted  inter- 
ferograms)  were  available  to  compare  with  the 
phase-shifted  calculations.  The  Mach  number 
was  2.5  for  these  tests,  and,  again,  several  other 
techniques,  including  LDV  and  pitot  probes, 
were  used  for  comparisons.  This  program  pro¬ 
vided  the  opportunity  to  compare  several  dif¬ 
ferent  methods  of  calculating  the  phase 
distributions  from  the  intensities,  and  also  to 
compare  several  techniques  for  calculating  the 
densities  from  the  phase  distributions.  The 
results,  presented  in  detail, show  that  the 
phase-shifting  technique  does  indeed  calculate 
flow-field  densities  that  compared  very  closely 
to  densities  measured  experimentally  by  other 
methods  and  to  densities  predicted  by  computa¬ 
tional  fluid  dynamics  codes.  Figure  12,  for  ex¬ 
ample,  shows  the  comparison  between  the 
phase-shifted  densities  and  densities  calculated 
using  a  three-dimensional  Euler  solver  by  Hsieh 
and  Priolo.^’’  These  measurements  were  taken 
in  an  axial  plane  three  inches  behind  the  nose 
tip.  This  graph  (Figure  12)  is  typical  of  those 
taken  at  several  axial  locations;  all  show  good 
agreement  except  in  the  region  of  the  shock. 
Much  of  the  error  in  this  region  may  stem 
from  the  assumption  of  a  refractionless 
medium.  More  discussion  on  this  will  follow. 

The  next  steps  involved  trying  the  phase- 
shifting  methods  that  had  been  developed  and 
worked  well  for  the  blunt  cone  for  cases  that, 
although  still  in  the  relatively  simple  axisym- 
metric  case,  presented  more  difficult 
circumstances  —  namely  the  sharp  cone  flow 
field  and  the  indented  nose  tip. 


quite  small,  which  means  that  the  fringe  shifts 
will  also  be  small  (see  Figure  13).  Preliminary 
evidence  indicates  that  the  methods  developed 


Figure  13.  Finite  fringe  interferogram  of 
sharp  cone. 


so  far  will  need  to  be  refined  for  these  cases. 
Possibly  a  scheme  that  averages  several  phase 
maps  will  provide  greater  signa!-to-noise 
discrimination  that  will  increase  the  confidence 
in  the  phase  distributions  determined  under 
these  conditions. 
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Sharp  Cone  Measurements 

The  sharp  cone  in  low  Mach  number  (3.0) 
flow  presents  a  complication  because  the 
density  changes  across  the  shock  wave  are 


Figure  12.  Phase-shift  density 
vs.  computational  solution. 
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Indented  Axisymmetric  Cone  Measurements 

The  indented  nose  shape  also  presents  pro¬ 
blems  because  of  the  fine  detail  in  the 
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interference  pattern  (see  Figure  14).  These 
results  show  that  all  the  fringes  must  be  re¬ 
solved  in  the  digitized  intensity  images  in  order 
for  the  phase  distributions  to  be  calculated 
correctly.  If  all  the  fringes  are  not  resolved,  the 
phase  distributions  are  lowered  by  2n  for  each 
lost  fringe.  A  higher  resolution  digitizing 
system  is  one  solution  to  this  problem.  Another 
solution  is  to  digitize  several  enlarged  sections 
of  the  interferogram  so  the  fine  detail  can  be 
resolved,  and  then  let  the  computer  put  the 
sections  back  together  to  determine  the  total 
phase  distribution.  Equipment  will  be  available 
at  NAVSWC  in  the  near  future  that  will  allow 
further  investigation  of  both  of  these  ideas. 


Figure  14.  Finite  fringe  interferogram  of 
indented  nosetip. 


Future  Areas  of  Investigation 

Several  areas  are  currently  under  investiga¬ 
tion  and  research,  with  the  goal  of  improving 
both  the  setups  for  construction  of  the 
holograms  in  the  wind  tunnels  and  the 
accuracy  of  the  data  reduction. 

Experiments  have  been  performed  to  deter¬ 
mine  if  a  technique  of  localized,  or  point, 
reference  beam  holography,  as  described  by 
Bachalo  and  Houser"’  can  be  used  in 
NAVSWC’s  hypervelocity  tunnel.  This  tech¬ 
nique  offers  the  advantage  that  both  the 


reference  and  object  beams  are  generated  from 
the  light  energy  that  passes  through  the  tunnel, 
thereby  simplifying  tbe  apparatus  and  setup  for 
construction  of  the  holograms. 

Some  other  modifications  of  the  current 
methods  include  using  a  collimated  rather  than 
a  focusing  beam  for  the  object  beam  exiting  the 
schlieren  optics,  and  the  use  of  the  “sandwich 
technique”  for  recording  the  two  holograms 
essentially  in  contact.  Both  of  these  changes 
will  make  the  reconstruction  process  simpler, 
more  accurate,  and  less  time-consuming. 

One  of  the  known  causes  of  errors  in  data 
reduction  is  the  assumption  that  gas  densities 
in  the  flow  field  are  refractionless.  Since  the 
calculations  of  gas  density  involve  determining 
the  index  of  refraction  of  the  gas,  it  is  known 
that  changes  in  this  index  are  going  to  cause 
refraction  of  the  light  passing  through  the  gas. 
Also,  diffraction  of  the  light  waves  propagating 
through  the  tunnel  and  optical  system  con¬ 
tributes  to  the  error  in  the  calculated  densities. 
A  theoretical  analysis  of  these  problems  has 
been  undertaken  by  Lopez, and  work  is  under 
way  to  apply  this  theory  to  the  real  data  reduc¬ 
tion  process.  The  expectation  is  that  the  ac¬ 
curacy  of  the  calculated  densities  will  be 
significantly  improved,  particularly  in  the 
region  of  shock  and  along  the  model  edge. 

Some  other  areas  for  future  consideration 
have  also  been  mentioned  previously.  One  con¬ 
cerns  the  resolution  on  the  digitizing  system. 
New  equipment  will  soon  be  obtained  through 
a  NAVSWC  SBIR  (Small  Business  Innovative 
Research)  Phase  II  contract  with  KMS  Fusion 
of  Ann  Arbor.  Michigan,  that  will  make 
available  a  high-resolution  camera  and  digitiz¬ 
ing  capability.  This  equipment  can  be  used  in 
conjunction  with  the  computer  to  digitize  in 
high-resolution  areas  of  the  image  that  can  then 
be  processed  and  recombined  at  lower  resolu¬ 
tion  to  provide  phase  data  for  the  entire  image. 
This  should  be  helpful  in  overcoming  some  of 
the  problems  in  areas  where  the  present  system 
has  limitations,  such  as  in  the  area  of  a  strong 
shock  wave  or  the  recirculation  regions  of  the 
indented  cone. 

Further  investigation  also  is  needed  for  the 
case  of  small  density  gradients,  such  as  the 
sharp-cone  case  discussed  earlier.  An  averaging 
of  several  sets  of  intensity  maps,  or  some  sort 
of  heterodyning  technique  that  will  increase  the 
fringe  sensitivity,  are  possible  approaches  that 
will  be  investigated. 

Conclusion 

This  article  presents  the  state  of  holographic 
interferometry  as  used  in  aerodynamics  testing 
at  NAVSWC,  past,  present,  and  future.  The  use 
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of  high-power  lasers  with  long  coherence 
lengths  and  short  exposure  times,  combined 
with  proper  optical  setups,  has  made  the  pro¬ 
duction  of  high-quality  interferograms  of  wind 
tunnel  test  conditions  a  reality.  Data  reduction 
from  the  interferograms  has  been  greatly 
enhanced  by  high-resolution  video  digitizing 
equipment  and  with  fast,  desktop  computers 
with  large  memory  capacity.  These  have  allow¬ 
ed  rapid  collection  and  manipulation  of  large 
numbers  of  data  points  that  fully  utilize  the 
capabilities  of  interferometry.  The  accomplish¬ 
ment  of  the  immediate  future  goals  will  make 
the  use  of  holographic  interferometry  a 
straightforward  and  accurate  instrumentation 
technique  for  determining  flow-field  densities 
in  NAV'SWC’s  wind  tunnels. 
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Celsian-Based  Ceramics  for  Advanced 
Radomes 

l.  Talmy,  D.  Haughl,  E.  Wuchino,  /.  Zaykoski 


Research  conducted  at  the  Nav  al  Surface  Warfare  Center  has 
demonstrated  that  celsian  (BaO- Al203  -  2Si02l  is  a  promising  can¬ 
didate  for  advanced  radomes  due  to  extremely  good  dielectric 
properties,  high  melting  point,  low  thermal  expansion  and  good 
strength.  However,  the  rain  erosion  and  thermal  shock  resistance 
of  the  material  need  improvement.  Toughening  of  the  ceramics 
using  mullite  whiskers  was  investigated  and  shown  to  be  promis¬ 
ing.  Two  methods,  slip  casting  and  cold  isostalic  pressing,  are 
being  evaluated  for  radome  shape  processing. 


Introduction 

Future  classes  of  advanced  tactical  missiles  will  require  new  ceramic 
materials  for  radomes  to  meet  stringent  requirements  arising  from  greater 
speeds  and  longer  flight  times.  The  critical  need  is  to  develop  ceramic 
materials  stable  up  to  at  least  1400‘’C  with  low  and  thermally  stable  dielec¬ 
tric  constants  (r),  low  coefficient  of  thermal  expansion  (CTE),  and  high 
thermal  shock  and  rain  erosion  resistance  as  shown  in  Table  1. 

No  ceramic  material  has  been  developed  that  can  simultaneously  meet  all 
of  the  requirements,  especially  those  for  good  dielectric  properties  and  rain 
erosion  resistance.  High-speed  hypersonic  radome  materials  currently  used 
are  slip  cast  fused  silica  (SCFS)  and  Pyroceram  9606^^' 
(2Mg0'2Al203-5Si02.  cordierite).  While  SCFS  has  excellent  dielectric  pro¬ 
perties  for  radomes,  the  relatively  low  strength  and  rain  erosion  resistance 
of  this  material  limits  its  future  application.  Pyroceram  9606^^^  is  more  rain 
erosion  resistant  than  SCFS,  but  is  not  as  dielectrically  stable  with 
temperature.  Development  of  future  radome  materials  is  directed  both 
toward  improvement  of  the  mechanical  properties  of  SCFS  and  identifica¬ 
tion  of  new  candidate  ceramic  materials.  For  example,  candidates  under 
investigation  are  materials  in  the  system  Si3N.^-BN-Si02  (Nitroxyceram). 
Nitroxyceram  has  the  potential  of  being  nearly  as  good  as  SCFS  dielectri¬ 
cally  and  at  least  s  good  if  not  better  than  Pyroceram  9606^^^  in  erosion 
resistance.  However,  this  material  requires  expensive  processing  techniques, 
such  as  hot  isostatic  pressing,  which  are  not  fully  developed. 

Celsian  (BaO- Al203-2Si02)  appears  to  have  the  potential  for  meeting  the 
requirements  for  radome  application  due  to  the  unique  combination  of  high 
melting  point,  low  thermal  expansion,  low  dielectric  constant,  and  loss 
tangent  stable  over  a  broad  range  of  temperature  and  frequency.’-^ 

However,  these  beneficial  properties  belong  only  to  the  monoclinic 
modification  of  celsian  which  is  stable  up  to  1590°C.  Above  1590°C, 
monoclinic  celsian  transforms  into  the  hexagonal  modification  which  is 
stable  to  the  melting  temperature  (1760°C).^  Even  though  the  hexagonal 
modification  is  a  high  temperature  form,  it  tends  to  be  the  first  product  of 
solid  phase  reaction  and  persists  metastably  in  the  whole  temperature 
range.  Hexagonal  celsian  reversibly  transforms  at  300°C  into  the  low 
temperature  orthorhombic  form. The  transformation  is  accompanied  by 
significant  volume  changes,  making  hexacelsian  unsuitable  for  high- 
temperature  thermal  cycling  applications.  Transformation  of  hexagonal  cel¬ 
sian  into  the  desirable  monoclinic  form  is  promoted  by  prolonged  high- 
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Table  1.  Radome  Material  Goals 


Service  Temperature 

Up  to  1400°C 

Dielectric  Constan 

<9.0  (5.0  Preferred) 

Temperature  Variation 
of  Dielectric  Constant 

to  1260°C 

<7% 

Loss  Tangent  to 

1260°C 

<0.1 

Bending  Strength 

>35  MPa  (5  ksi) 

Fracture  Toughness 

Better  Than  Slip 

Cast  Fused  Silica 

temperature  heating,  hydrothermal  treatment, 
and  the  presence  ot  impurities  or  the  addition 
of  certain  additives  (such  as  B2O3,  LiF,  Cr203, 
ZrSi04).“® 

This  article  describes  the  results  of  .'esearch 
on  preparation  of  high-purity  celsian  ceramics 
and  their  properties. 

Preparation  and  Characterization  of 
Celsian  Ceramics 

High-purity  celsian  synthesized  from  BaCO;), 
.-\l2O3,  and  Si02  consisted  only  of  the  hex¬ 
agonal  modification,  even  after  long-term  firing 
at  1500°C.  The  hexagonal-to-monoclinic  phase 
transformation  of  celsian  was  accomplished 
using  seeding  techniques  at  temperatures  below 
1300“C.'  The  successful  use  of  seeding  techni- 
(lues  for  the  preparation  of  monoclinic  cel  ian 
i.<-  of  high  importance,  since  the  use  of  addi¬ 
tives  promoting  the  phase  transfori'iation  can 
deteriorate  the  dielectric  properties,  especially 
at  high  temperatures. 

Ceramics  prepared  from  the  previously  syn¬ 
thesized  monoclinic  celsian  powders  were  com¬ 
pletely  densified  at  1580°C  using  pressureless 
sintering  techniques.  The  ceramics  had  fine¬ 
grained  structure  with  average  grain  size  of 
about  3  to  5  f^m.  The  properties  of  celsian 
ceramics  are  shown  in  Table  2.  The  bending 
strength  measured  in  3-point  bending  was 
about  too  MPa  The  coefficient  of  thermal  ex¬ 
pansion  was  3..T  X  10^ '’/degree  C  in  the  20  to 
1200’C  range  with  linear  dependence  on 
temperature. 

The  dielectric  properties  measured  up  to 
1200'’C  at  3.5  GHz”  showed  that  the  dielectric 
constant  and  its  change  with  temperature  are 
within  the  required  range.  The  loss  tangent  was 
very  low  and  of  the  same  magnitude  as  sli, 
cast  fused  silica.  At  1200°C,  the  loss  tangent  of 
celsian  is  40  x  10  which  is  negligble  for  all 
practical  applications.  The  temperature 
dependence  of  dielectric  constant  of  celsian 
compared  to  other  candidate  materials  is 
shown  in  Figure  (1). 


Table  2.  Properties  of  Celsian  Ceramics 


Melting  Temperature 
(°C) 

1760 

Service  Temperature 
(”C) 

Up  to  1590 

Dielectric  Constant 

6.55 

7.00 

(25°C) 

(1200°C) 

Temp.  Variation 

6.8% 

of  £  to  1200°C 

Loss  Tangent  10 

25°C 

0.0008 

1200°C 

0.0040 

Thermal  Expansion 

in  20-1200°C 

3.5 

(0  X  10”/Degree 

Bending  Strength 
(R.T.) 

(1000°C) 

103  MPa  (14.7  ksi) 

69  MPa  (9.8  ksi) 

Fracture  Toughness 

Needs  Improvement 

As  seen  in  celsian  ceramics  meet  or  exceed 
the  radome  material  goals  for  dielectric  proper¬ 
ties,  strength,  and  thermal  expansion.  However, 
single  particle  impact  tests  showed  that  the 
toughness  of  the  material  is  insufficient  for 
adequate  rain  erosion  resistance  and  requires 
improvement.'*’'* 


Figure  1.  Temperature  dependence  of  dielec¬ 
tric  constant  for  candidate  radome  materials. 
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Toughening  of  Celsia  i  Ceramics  with 
Mullite  Whiskers 

Mullite  whiskers,  developed  at  the  Naval  Sur¬ 
face  Warfare  Center  (NAVSWC),’ were 
chosen  as  a  candidate  reinforcement  to  im¬ 
prove  the  fracture  toughness  of  celsian 
ceramics.  Mullite  (3Al203-2Si02)  whiskers  are 
promising  due  to  their  excellent  chemical 
stability,  low  tneimal  expansion,  good  high- 
temperature  strength  and  creep  resistance,  and 
low  dielectric  constant.  As  seen  in  the  celsian- 
mullite  phase  diagram  (Figure  2),'  ’  mullite  is 
compatible  with  celsian  up  to  1554°C.  At 
higher  temperatures,  chemical  reactions  occur 
and  are  accompanied  by  the  formation  of  a  li¬ 
quid  phase  and  AI2O3,  The  reinforcement  was 
both  intror^uced  iniu  celsian  as  loose  whiskers, 
and  grown  in  situ  during  processing. 


20  40  60  80 


().-.'Si(.)  \VT%  't.-M.Oi-L’.SIO, 

Figure  2.  Celsian-mullite  phase  diagram. 

Toughening  with  Introduced  Mullite 
Whiskers 

The  whiskers  used  in  this  effort  were 
prepared  by  Dow  Chemical  Company'''  using 
the  patented  NAV'SWC  process.  Unclassified 
whiskers  (as  loose  aggregates  consisting  of 
whiskers  with  a  continuous  size  distribution) 
and  w'biskers  classified  by  cross-sectional 
dimensions  into  size  ranges  of  4  to  12  pm  and 
12  to  26  pm  were  mixed  with  celsian  in 
lOfi  amounts  from  10  to  40  volume  percent,  pressed 
into  ,5  X  5  X  60  mm  bars,  and  fired  at  ISOO^C. 
The  temperature  was  selected  to  avoid  a  reac¬ 
tion  between  celsian  and  mullite  during  firing. 

The  3-point  bending  strength  results  (Figure 
3)  for  ceramics  containing  all  three  whisker 
classifications  show  that  the  strength  of 


whisker-reinforced  celsian  ceramics  increases 
with  decreasing  whisker  size.  The  strength  of 
ceramics  with  unclassified  whiskers  was 
significantly  lower  I’laa  the  strength  of  unrein¬ 
forced  celsian  and  was  slightly  higher  than  tiie 
strength  of  slip  cast  fused  silica  (35  MPa).  Due 
to  this  fact,  unclassified  whiskers  were  exclud¬ 
ed  from  further  experiments.  The  introduction 
of  12  to  26  pm  and  4  to  12  pm  whiskers 
resulted  in  ceramics  which  w'ere  stronger  than 
unreinforced  material.  The  microstructure  of 
celsian  containing  unclassified  and  12  to  26  pm 
whiskers  (Figure  4)  shows  no  evidence  of  reac¬ 
tion  between  celsian  and  mullite.  The  whisker 
pull-out  observed  on  the  fracture  surface  of  the 
sample  containing  12  to  26  pm  w  hiskers  in¬ 
dicates  possible  toughening. 

The  thermal  shock  resistance  of  the  ceramics 
was  characterized  by  measuring  the  retained 
strength  after  a  w'ater  quench  from  350'C. 
Figure  5  shows  that  mullite  whiskers  increase 
the  therma:  shock  resistance  of  celsian 
ceramics.  The  samples  containing  12  to  26  pm 
whiskers  demonstrated  much  higher  therma, 
shock  resistance  than  the  materials  with  4  to  12 
pm  whiskers.  Whisker  loading  in  the  20  to  4o 
percent  range  did  not  have  any  significant 
effect  on  thermal  shock  resistance  for  either 
whisker  classification.  The  measurement  of  the 
fracture  toughness  of  mullite  whisker  rein¬ 
forced  ceramics  is  in  progress. 

Toughening  with  In  Situ  Grown  Mullite 
Whiskers 

In  situ  growth  of  whiskers  offers  several  ad¬ 
vantages  over  the  introduction  of  loose 
whiskers’,  simplified  processing,  uniform 
whisker  distribution  in  the  matrix,  and  elimina¬ 
tion  of  the  health  hazards  associated  with  loose 
whiskers.  The  NAVSWC  method  for  the 
preparation  of  mullite  whiskers"’'^  is  based  on 
the  following  reactions: 

I2AIF3  +  12Si02 - >  6Al2(Si04)F2  -H  (1) 

topaz 

6SiF4 

6Al2(Si04)F2  -I-  SiO:  — >  2(3Al203’2Si02)  -r  (2) 

mullite 

3SiF4 

In  reaction  (1),  AlFj  and  Si02  are  heated  at  700 
to  900°C  to  form  topaz,  and  in  reaction  (2),  topaz 
is  thermally  decomposed  at  1250  to  1400°C  to 
yield  mullite.  The  whiskers  are  grown  as  a  result 
of  a  vapor-phase  chemical  reaction.  Heating  in 
SiF4  atmosphere  is  necessary  for  the  preparation 
of  high-quality  mullite  whiskers.  Up  to  75  percent 
Ai203  can  be  substituted  for  AIF3  in  the  starting 
materials  without  affecting  the  final  product. 
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Figure  3.  Bonding  strength  of  celsian  ceramics  containing  0-40  vol.% 
mullito  whiskers  fired  at  1500°C. 
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Figure  4.  SEM  micrographs 
of  celsian  ceramics 
containing  unclassified 
and  classified  mullite 
whiskers  fired  at  1500°C. 


In  this  study,  mullite  whiskers  were  grown  in 
cidsian  ceramics  from  AlF)  SiO^  and  AIF3  4- 
Al20:j  4-  SiOj  (with  50%  substitution  of  AI2O3 
for  AlF  j)  mixtures,  or  from  topaz  which  was 
previously  prepared  from  AIF3  and  Si02  at 
800°C  according  to  reaction  (1).  The  use  of  the 
AIF3  -4  Al2C)3  4-  Si02  mixture  or  topaz  is  ad¬ 
vantageous  over  the  AlF,  -t-  Si02  mixture  due 
to  the  lower  amount  of  volatiles  produced  by 
the  reactions  (54.2%  for  AIF3  +  Si02  mixture 
compared  to  29,6%  and  28.3%  for  AIF3  4- 
AI2O3  4-  Si02  mixture  and  topaz,  respectively). 
The  volatiles  can  interfere  with  densification  of 
the  ceramics  during  firing. 

The  whisker  precursor  powders  (to  form 
15  to  35  volume  percent  mullite  whiskers)  and 


the  celsian  powder  were  mixed,  pressed  into  5 
X  5  X  60  mm  bars,  and  fired  at  1500°C  in  a  20 
g/L  SiF4.  The  resulting  samples  were  then 
characterized  by  density,  phase  composition, 
microstructure,  strength,  and  thermal  shock 
resistance. 

Mullite  whiskers  were  successfully  grown  in 
celsian  ceramics  from  all  the  precursors  used. 
The  typical  microstructure  of  ceramics  is 
shown  in  Figure  6.  The  samples  with  whiskers 
grown  from  the  AIF3  4-  Si02  mixture  exhibited 
the  lowest  density  and  strength  compared  to 
the  other  precursors  due  to  the  highest  content 
of  volatiles.  The  trend  was  more  pronounced 
for  samples  with  higher  whisker  loadings 
(Figure  7).  The  highest  strength  was  obtained 
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Figure  5.  Retained  strength  (%)  of  mullite-whiskers  reinforced  celsian 
ceramics  after  thermal  shock  from  350°C. 


Figure  6.  SEM  of  celsian 
ceramics  with  25  vol.% 
mullite  whiskers  grown  from 
AIF3  +  Si02- 
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for  the  samples  with  mullite  whiskers  grown 
from  topaz.  In  this  case,  whiskers  were  formed 
as  a  result  of  only  one  chemical  reaction  (2) 
compared  to  two  reactions  (1)  and  (2)  for  the 
AIF3  +  AI2O3  +  Si02  mixture.  This  probably 
resulted  in  lower  stresses  in  final  samples 
despite  the  comparable  amounts  of  volatiles  for 
both  mixtures.  The  strength  of  all  samples  de¬ 
creased  with  increasing  whisker  loadings.  How¬ 
ever.  the  samples  with  whiskers  grown  from 
topaz  had  strength  two  times  higher  than  slip 
cast  fused  silica  even  with  35  percent  loading. 


Thermal  shock  resistance  of  in  situ  grown 
mullite  whisker  reinforced  celsian  ceramics 
was  also  characterized  by  the  percentage  of 
retained  strength  after  a  water  quench  from 
350°C.  Figure  8  shows  the  results  for  samples 
containing  15  percent  whiskers  grown  from  the 
AIF3  +  AI2O3  +  Si02  mixture  and  from  topaz. 
A  significant  increase  in  thermal  shock  resis¬ 
tance  was  obtained  by  ceramics  with  whiskers 
grown  from  topaz,  illustrating  again  that  topaz 
is  the  preferable  precursor  for  in  situ  whisker 
growth. 
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Figure  7.  Bending  strength  of  celsian  ceramics  with  mullite  whiskers  grown  from 

different  precursors  at  1500°C. 
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Figure  8.  Thermal  shock  resistance  of  celsian  ceramics  with  15  vol.% 
whiskers  grown  from  different  precursors  at  1500°C. 
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Processing  of  Celsian  Radome  Shapes 

Slip  casting  and  cold  isostatic  pressing  (CIP) 
of  celsian  are  under  development  for  the  pro¬ 
cessing  of  radome  shapes.  Traditional  slip 
casting  involves  suspending  particles  in  a 
liquid  (usually  water)  at  high  solids  loading, 
pouring  the  suspension  into  an  absorbent  mold, 
and  draining  the  excess  slip  after  the  required 
wall  thickness  has  been  cast.  The  casting  is 
then  dried  and  fired  to  produce  a  dense 
ceramic  body. 

The  preparation  of  stable  ceramic  suspen¬ 
sions  suitable  for  casting  can  be  achieved  by 
maximizing  the  electrostatic  surface  charges  or 
by  adsorbing  charged  polymeric  deflocculants 
onto  particle  surfaces.  Experiments  showed 
that  celsian  suspensions  can  only  be  stabilized 
by  the  second  technique,  and  a  commercially 
available  polymer  was  identified  as  being  op¬ 
timal  for  suspension  stabilization. 

Subscale  celsian  radomes  were  cast  using  the 
developed  slip.  However,  some  problems  were 
encountered  during  scale-up.  such  as  high 
casting  rate,  insufficient  green  density  leading 
to  high  shrinkage  in  firing,  and  slip  thixotropy. 
It  became  apparent  that  optimizing  the  particle 
size  distribution  of  the  starting  celsian  powder 
will  eliminate  these  problems. 

Cold  isostatic  pressing  is  a  promising  techni¬ 
que  for  fabrication  of  radome  shapes,  especially 
from  powders  containing  fibrous  (whisker) 
reinforcement.  The  method,  as  applied  to 
making  radomes,  involves  hydrostatic  compres¬ 
sion  of  the  starting  powder,  which  is  held  on 
the  surface  of  a  cone-shaped  mandrel  by  a  thin, 
flexible  rubber  sheath,  at  pressures  ranging 
from  30.000  to  60,000  psi.  The  pressed  part  is 
then  fired  to  produce  a  dense  ceramic  body. 
Compared  to  slip  casting,  the  method  provides 
a  uniform  whisker  distribution  during  fabrica¬ 
tion  and  eliminates  the  need  for  costly  long¬ 
term  drying.  Tooling  for  CIPing  of  celsian  was 
designed,  manufactured,  and  successfully  used 
for  fabrication  of  subscale  radomes  (1/6  scale) 
from  powder  containing  20  percent  mullite 
whiskers.  Optimization  and  further  scale-up  of 
both  .slip  casting  and  CIPing  processes  are  in 
progress. 


Summary 

Celsian  ceramics  were  prepared  and 
no  characterized  by  phase  composition, 

microstrucfure,  physical,  mechanical  and 
dielectric  properties  at  room  and  elevated 
temperatures.  Extremely  good  dielectric  proper¬ 
ties,  high  melting  temperature,  low  thermal  ex¬ 


pansion,  and  high  strength  make  the  material  a 
promising  candidate  for  advanced  missile 
radomes.  However,  the  rain  erosion  and  ther¬ 
mal  shock  resistance  of  celsian  ceramics 
require  improvement  because  of  insufficient 
toughness.  Toughening  of  ceramics  using 
mullite  whiskers  is  under  investigation.  The 
whiskers  were  both  introduced  and  in-situ 
grown  from  AIF3  +  Si02  and  AIF3  +  SiOz  -f- 
AI2O3  mixtures  and  from  topaz.  Both  methods 
were  shown  to  be  promising  for  toughening 
celsian  ceramics.  Slip  casting  and  cold  isostatic 
pressing  are  being  evaluated  for  processing  of 
radome  shapes.  Subscale  radomes  were  suc¬ 
cessfully  fabricated  using  both  techniques. 
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An  Introduction  to  Directed  Energy 
Technologies 

Lawrence  H.  Luessen 


The  threats  our  naval  forces  will  face  in  the  future  are 
becoming  increasingly  sophisticated  and  diverse.  Seeker  variety, 
speed,  agility,  and  “stealthiness”  are  elements  of  the  emerging 
threat  —  future  missiles  will  employ  assorted  seeker  options  and 
variants;  fly  lower  and  faster;  be  more  maneuverable;  and  have 
lower  radar  cross  sections.  This,  in  turn,  will  greatly  reduce 
detection  ranges  and  engagement  times.  As  the  total  size  of  our 
naval  forces  decreases,  point-  and  sel/-de/ense  of  individual  plat¬ 
forms  will  become  paramount.  The  bottom  line  —  weapons 
which  offer  speed-o/-light  target  interception  times,  rapid  re¬ 
targeting  capabilities,  and  large  magazine  capacities,  such  as 
directed  energy  weopons,  may  be  the  only  answer  to  counter  the 
future  threat. 

Although  many  claims  and  counter-claims  ha’.'e  been  made  by 
the  advocates  and  adversaries  of  directed  energy  weapons,  the 
technologies  associated  with  these  weapons  remain  less 
understood  than  other  more  “conventional”  weapon 
technologies.  This  article,  meant  to  increase  this  understanding, 
addresses  the  following  directed  energy  technologies:  charged 
particle  beams,  high-energy  lasers,  and  high-power  microwaves. 

A  short  section  is  presented  on  pulsed  power  technology. 


Introduction 

The  primary  threat  to  U.S.  naval  ships  in  the  current  and  future  battle 
scenario  is  the  anti-ship  cruise  missile  (ASCM),  a  threat  that  is  becoming 
increasingly  sophisticated  and  diverse.  Attack  profiles  range  from  sea 
skimmers  to  high  divers;  speeds  are  exceeding  Mach  3;  ranges  are  increas¬ 
ing  to  beyond  200  nmi;  seeker  types  include  radar  (radio  frequency,  or  RF), 
infrared  (IR],  electro-optic  (E-O),  anti-radiation  (ARM  and  HARM),  and  dual¬ 
mode  (RF/IR):  warheads  may  be  nuclear,  high  explosive,  or  submunitioned; 
home-on-jam  capability  is  widely  present:  and  ASCMs  can  be  submarine-, 
surface-,  and  air-launched.  This  increased  diversity  and  sophistication  will, 
in  turn,  greatly  reduce  detection  ranges  and  engagement  times.  As  the  total 
size  of  our  naval  forces  decreases,  point-  and  self-defense  of  individual  plat¬ 
forms  will  become  paramount.  Directed  energy  (DE)  weapons,  which  offer 
speed-of-light  target  interception  times,  rapid  re-targeting  capabilities,  and 
large  magazine  capacities,  may  be  the  only  answer  to  counter  the  future 
ASCM  threat. 

While  many  claims  and  counter-claims  have  been  made  by  the  advocates 
and  adversaries  of  directed  energy  weapons,  the  technologies  associated 
with  these  weapons  remain  less  understood  than  other  more  “conventional” 
weapon  technologies.  This  article  is  meant  to  increase  this  understanding, 
and  addresses  the  following  directed  energy  technologies;  charged  particle 
beams  (CPBs),  high-energy  lasers  (HELs),  and  high-power  microwaves 
(HPMs).  A  short  section  is  also  presented  on  pulsed  power  technology, 
which  may  be  essential  to  the  successful  development  and  deployment  of 
directed  energy  weapon  concepts. 

The  material  to  be  presented  covers  several  complex  technical  areas.  We’ll 
first  begin  with  a  few  “leveling”  definitions,  followed  by  individual  sections 
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on  each  DE  technology.  A  brief  discussion  of 
pulsed  power  technology  is  then  followed  by 
some  concluding  remarks  and  thoughts.  Table  1 
briefly  presents  the  characteristics  of  each 
directed  energy  technology  that  will  be 
discussed. 

Definitions 

First,  a  few  “leveling”  definitions.  Directed 
energy  (DE)  is  an  umbrella  term  covering 
technologies  that  produce  particles  (charged-  or 
neutral-particle  beams,  CPBs  or  NPBs),  photons 
(high-  and  medium-energy  lasers,  HELs  and 
MELs),  or  concentrated  electromagnetic  (EM) 
energy  (high-power  microwaves,  HPMs). 
Directed  energy  weapons  (DEWs)  are  systems 
using  directed  energy,  designed  primarily  to 
disrupt,  damage,  or  destroy  hostile  targets. 
Directed  energy  warfare  includes  the  opera¬ 
tional  use,  both  tactically  and  strategically,  of 
DE  weapons  and  devices  in  combat.  Elec¬ 
tromagnetic  waves  may  be  identified  within  the 
electromagnetic  spectrum  (see  Figure  1)  by 
frequency  or  wavelength,  i.e.,  f  =  c/A,  where  f 
=  frequency,  in  cycles/sec  (or  Hz);  c  =  the 
speed  of  light  (=  3  x  10®  in/sec);  and  A  = 
wavelength,  in  meters,  m. 

Particle  Beams  ~  Charged  or  Neutral 

A  particle  beam  is  a  directed  flow  of  atomic 
or  subatomic  particles.  These  particles  may  be 
either  neutral  (NPBs)  or  electrically  charged 
(CPBs):  the  former  are  generally  used  in  exo- 
atmospheric  (i.e.,  “external,”  or  outside  the 
atmosphere)  applications,  while  the  latter  are 
the  choice  for  endoatmospheric  (i.e.,  "internal,” 
or  within  the  atmosphere)  applications.  A 
particle  beam  transmits  matter,  not  EM  waves. 


distinguishing  it  from  other  forms  of  directed 
energy  such  as  lasers  and  microwaves.  The 
particles  penetrate  material  and  deposit  their 
kinetic  energy  deeply  inside  the  material.  Parti¬ 
cle  beam  systems  have  the  potential  for  being 
highly  destructive  weapons  if  the  beam  can  be 
effectively  propagated  to  the  target.  Upon 
reaching  a  target,  the  particle  beam  deposits  its 
energy  almost  instantaneously  within  the  target, 
resulting  in  rapid  heat  build  up.  In  addition, 
the  secondary  radiation  produced  (x-rays  and 
gamma  rays)  may  damage  or  destroy  electronic 
components  in  the  target.  The  remaining 
discussion  on  particle  beams  will  be  confined 
to  CPBs,  specifically  electron  beams,  since  the 
Navy’s  interest  in  particle  beam  technology  is 
anti-ship  missile  defense,  an  endoatmospheric 
application. 

Components  of  a  CPB  Weapon  System 

Any  CPB  weapon  system  has  three  key  sub¬ 
systems;  the  particle-heam  generator,  the  beam 
controller,  and  the  fire-control  subsystem. 

Particle  Beam  Generator.  This  comprises  an 
accelerator  and  its  associated  power-generating 
and  power-conditioning  subsystems. 

Beam  Controller.  This  subsystem  points  the 
beam  at  the  target,  most  probably  employing 
magnetic  fields  to  “steer”  the  beam  as  it  exits 
the  accelerator. 

Fire-Control  Subsystem.  This  subsystem  per¬ 
forms  the  same  functions  that  are  needed  for  a 
conventional  weapon  system.  It  detects  and 
locates  the  target,  passes  control  to  the  beam- 
control  subsystem,  assesses  target  kill,  and 
redirects  the  beam  controller  to  the  next  target. 

While  the  beam  controller  and  fire-control 
subsystems  are  important  for  a  CPB  weapon 


Table  1.  Directed  Energy  Technologies;  Characteristics  Summary 
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system,  let's  focus  on  the  heart  of  such  a 
system  —  the  accelerator. 

CPB  Accelerators 

At  the  heart  of  any  CPB  system  is  an 
accelerator,  a  device  that  increases  the  speed 
(or  kinetic  energy)  of  charged  particles  by  using 
electromagnetic  fields  or  waves.  Operation  of 
such  accelerators  is  quite  simple  in  theory. 
Charged  particles,  e,g.,  electrons,  are  produced 
by  applying  a  strong  electric  field  (voltage)  to  a 
material  that  will  emit  electrons.  By  definition, 
an  electron  falling  unimpeded  through  a  poten¬ 
tial  difference  of  1  volt  attains  a  kinetic  energy 
of: 

E=  eV  =  1.60  X  10~i9  coulomb  x  1  volt 

=  1.60  X  10-19  joules  =  1.60  x  10“  ergs 
=  1  electron-volt  (eV). 

The  electrons  are  then  injected  into  regions,  or 
accelerating  stages,  in  which  they  encounter 
large  electric  fields,  or  voltage  gradients.  As  the 
114  electrons  pass  each  stage,  their  velocity  in¬ 
creases,  and,  as  they  approach  the  speed  of 
light,  relativistic  effects  cause  the  mass  of  the 
electrons  to  increase.  The  mass  and  velocity 
determine  the  energy  of  the  electrons,  which 
determines  their  penetrating  and  damaging 
ability. 


The  lethality  of  the  beam  is  principally  deter¬ 
mined  by  two  beam  parameters.  The  first  is  the 
energy  of  the  electrons,  which  is  roughly  deter¬ 
mined  by  the  total  voltage  the  electrons  have 
seen  —  megaelectronvolts  (MeV)  to  gigaelec- 
tronvolts  (GeV)  for  weapon-grade  beams.  The 
second  is  the  number  of  electrons  in  the  beam, 
which  is  related  to  the  beam  current,  and  may 
range  from  kiloamps  (kA)  to  megamps  (MA). 

The  peak  power  (peak  voltage  x  peak  current) 
of  the  beam  is  extremely  high;  however,  it  is 
produced  in  short  pulses  within  low  repetition- 
rate  bursts  to  keep  the  average  prime  power 
requirements  reasonable. 

Types  of  Accelerators 

The  majority  of  particle  accelerators  are 
linear,  i.e.,  the  accelerating  stages  are  arranged 
in  a  straight  line,  eliminating  the  need  to 
"bend”  the  beam.  Such  accelerators,  called 
linear  induction  accelerators,  or  linacs,  general¬ 
ly  utilize  a  core  of  magnetic  material  (ferrite) 
that  forms  a  toroidal  ring  around  the 
accelerating  column.  The  change  in  flux  in  the 
magnetic  core  induces  an  axial  electric  field 
that  accelerates  the  electron  beam  down  the 
accelerating  column.  It  therefore  can  be  en¬ 
visioned  as  a  series  of  one-to-one  pulse 
transformers  threaded  by  the  electron  beam. 
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Unfortunately,  such  an  arrangement  tends  to 
be  very  long.  The  Advanced  Test  Accelerator 
(AT A),  developed  by  the  Defense  Advanced 
Research  Projects  Agency  (DARPA)  at 
Lawrence  Livermore  National  Laboratory  as  a 
test  bed,  employs  an  85-meter-long  linear 
electron  accelerator.  The  injector  produces  a 
10-k.A  beam  of  2.5-MeV  electrons,  which  are 
guided  by  magnetic  fields  through  an  ac¬ 
celerator  consisting  of  200  separate  accelerator 
stages.  Each  stage  increases  the  electron  energy 
by  0.25  MeV,  giving  a  final  beam  energy  of  ap¬ 
proximately  50  MeV. 

This  type  of  accelerator  is  obviously  not  a 
strong  candidate  for  shipboard  use.  However, 
three  separate  efforts  are  currently  under  way 
to  develop  alternative  compact  accelerator  con¬ 
cepts.  Funded  by  DARPA  and  the  Navy,  all 
three  devices  rely  on  cycling  the  beam  through 
the  accelerating  sections  to  reduce  the  overall 
system  size  and  weight.  Figure  2  summarizes 
the  differences  in  these  concepts  and  highlights 
key  issue  areas. 

Compact  Accelerator  Concepts 

The  Modified  Betatron  (Figure  2)  is  a  circular 
device  being  developed  at  the  Naval  Research 


Laboratory  which  reuses  the  accelerating 
sections  hundreds  to  thousands  of  times  in 
accelerating  each  pulse.  Important  trade-offs  in¬ 
volve  the  time  to  accelerate,  and,  hence, 
minimum  pulse  separation,  versus  accelerator 
radius,  versus  voltages.  Critical  issues  include 
the  ability  to  inject  and  extract  the  beam  into 
and  out  of  the  ring  without  introducing 
instabilities. 

The  lon-Focused-Regime  Recirculator  (Figure 
2)  is  a  racetrack  concept  being  pursued  by 
Sandia  National  Laboratory/Albuquerque  which 
restricts  the  accelerating  sections  to  straight 
portions  of  the  device,  but  passes  through  each 
accelerating  section  six  to  eight  times.  The 
beam  is  guided  around  the  racetrack  by  a  low- 
energy  electron  beam  which  can  be  deflected 
by  very  low-flux  magnets,  and  which  creates  a 
channel  for  the  higher-energy  beam.  Critical 
issues  include  instabilities  introduced  by  multi¬ 
ple  beam  passes  through  dielectric  cavities, 
closed-orbit  beam  transport  within  the  IFR 
channel,  and  injection  and  extraction. 

The  Spiral-Line  Induction  Accelerator  (Figure 
2),  being  developed  by  Pulse  Sciences.  Inc., 
builds  on  the  ATA  technology.  In  order  to 
avoid  injection  and  extraction  issues,  the  beam 
passes  through  the  accelerating  sections  on  a 
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slightly  different  path  for  each  cycle,  thus  per¬ 
mitting  use  of  a  continuous  beam  line.  The 
limiting  factor  is  the  number  of  beam  lines 
which  can  pass  through  the  cavities.  Critical 
issues  include  designing  the  cavities  and  gaps 
to  minimize  instabilities  and  matching  fields  at 
transition  points. 

Other  Issues 

At  least  two  other  issues  are  important  in  the 
development  of  CPBs  for  possible  anti-ship 
missile  defense  (ASMD)  applications  —  satisfac¬ 
tory  propagation  of  the  e-beam  and  kill 
mechanisms. 

Beam  Propagation.  Once  the  electron  beam 
pulse  is  produced,  it  must  propagate  satisfact¬ 
orily  through  the  atmosphere.  The  high-velocity 
electrons  will  collide  with  air  molecules  and 
lose  energy.  This  deceleration  of  the  electrons 
causes  them  to  radiate,  which  is  responsible  for 
"soft-kill"  mechanisms  described  later.  The 
beam  energy  decreases  as  it  penetrates  the  air, 
until  at  a  certain  distance  the  beam  energy  is 
too  low  for  use  as  a  weapon. 

Methods  to  improve  the  somewhat  limited 
range  of  CPBs  are  currently  being  investigated, 
including  a  wide-interval  pulse-separation 
(WIPS)  mode  of  propagation.  This  uses  the  fact 
that  air  molecules  struck  by  the  beam  are 
heated  and  moved  out  of  the  way  for  a  short 
period  of  time,  creating  a  ratified  “tube”  in  the 
atmosphere.  A  second  pulse  or  beam  can  pro¬ 
pagate  through  this  rarified  region  before  the 
air  density  recovers.  In  this  manner,  a  series  of 
beams  can  be  propagated  through  the  path, 
"hole  boring”  so  that  each  beam  pulse  travels 
further  than  the  last.  It  is  the  nth  pulse  arriving 
at  the  target  that  must  cause  the  damage  —  all 
preceding  pulses  contribute  to  the  hole  boring. 

In  addition  to  the  rarification  of  air,  the 
charges  left  in  the  “tube”  of  air  will  attract  the 
follow-on  beams  and  provide  a  channel-tracking 
force  to  keep  them  in  line  and  help  override 
the  bending  effects  of  the  earth’s  magnetic  field 
and  other  beam  instabilities.  However,  hole 
boring  is  limited  by  channel  overheating,  which 
then  causes  the  channel  to  become  conductive 
enough  to  expel  later  pulses.  Therefore,  there  is 
a  limitation  on  the  number  of  pulses  in  the 
hole-boring  pulse  train. 

Kill  Mechanisms.  A  beam  of  high-energy 
electrons  is  typically  a  few  centimeters  in 
diameter.  When  this  beam  strikes  a  target, 

116  energy  is  deposited  deep  within  the  target  in 

several  microseconds  (much  faster  than  a  laser), 
melting  or  vaporizing  material  deep  within  the 
target,  and  creating  a  thermal-shock  mechanism 
that  is  difficult  to  counter  or  shield  against. 

In  addition  to  such  hard-kill  mechanisms, 
soft-kill  effects  may  also  result  from  the  elec¬ 


tron  beam  propagating  through  air.  The  moving 
electrons  in  the  beam  create  a  strong  electric 
and  magnetic  field,  and  therefore  create 
electromagnetic-pulse  (EMP)-type  effects  near 
the  beam’s  axis.  This  EMP  may  be  large 
enough  to  damage  electronics  within  the  target 
even  for  near-miss  conditions. 

For  beam  energies  above  100  MeV,  the 
dominant  mechanism  of  energy  loss  as  the  elec¬ 
trons  are  decelerated  as  they  strike  air 
molecules  is  a  process  called  bremsstrahlung, 
where  electron  kinetic  energy  is  converted  to 
forward-directed  electromagnetic  radiation  in 
the  form  of  gamma  rays.  The  gamma  rays,  in 
turn,  will  continue  on  to  form  secondary  par¬ 
ticles  (electron-positron  pairs),  which  will 
cascade  down  to  lower-energy  electrons, 
neutrons,  X-rays,  high-energy  photons,  and  RF 
noise.  This  radiation  forms  a  narrow  cone 
surrounding  the  beam  and  is  directed  with  the 
beam  —  again  opening  up  the  possibility  of 
soft-kill  effects  on  the  target’s  electronics. 

High-Energy  Lasers 

A  laser  (light  amplification  by  stimulated 
emission  of  radiation)  is  any  device  or  medium 
that  produces  a  highly  monochromatic, 
coherent,  and  directional  beam  of  radiation. 

The  process  known  as  stimulated  emission 
occurs  when  an  atom,  in  its  excited  state,  is 
influenced  by  a  photon  (of  the  proper  energy 
and  wavelength)  and  is  stimulated  to  emit  a 
second  photon  identical  in  wavelength  to  the 
first  and  direction  of  travel,  and  in  phase  with 
the  first.  The  radiation  frequency  varies  accor¬ 
ding  to  the  material  used  and  the  method  of 
exciting  it. 

A  laser  contains  four  elements: 

(1)  The  active  medium,  a  collection  of 
atoms  that  may  be  excited  to  a  short-lived 
higher  state  of  enargy  known  as  population 
inversion  (e.g.,  ruby  rods,  neodymium-YAG 
crystals,  or  dye-doped  laser  rods). 

(2)  The  excitation  mechanism,  a  source  of 
energy  that  moves  the  atoms  from  a  ground 
state  to  an  excited  state  to  create  popula¬ 
tion  inversion. 

(3)  The  feedback  mechanism,  a  system  that 
returns  a  part  of  the  coherent  light  produc¬ 
ed  in  the  active  medium  to  continue  the 
stimulated  emission  process,  i.e.,  a  mirror 
to  redirect  the  photons. 

(4)  The  output  coupler,  which  allows  a  por¬ 
tion  of  coherent  light  to  leave  the  laser  in 
the  form  of  the  output  beam;  essentially  a 
"hole”  in  one  end  of  the  lasing  cavity  and  a 
beam  director  for  pointing  and  tracking. 
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Lasers  can  be  classified  as  solid,  liquid,  or 
gas;  there  are  also  free-electron  lasers.  The  dif¬ 
ferent  types  of  lasers  are  shown  in  Table  2. 

Laser  Beam  Divergence  and  Focusing 

Laser  beams  spread  or  diverge  after  leaving 
the  laser.  While  light  from  ordinary  sources  is 
emitted  in  all  directions,  the  light  emitted  from 
a  laser  is  confined  to  a  very  narrow  cone. 
Nevertheless,  as  the  beam  propagates  outward, 
it  slowly  diverges  or  fans  out.  The  greater  the 
beam’s  angle  of  divergence,  the  greater  will  be 
the  diameter  of  the  beam,  and  the  lower  the 
irradiance  and  radiant  exposure  (defined 
shortly),  at  the  target.  If  fl  =  distance  from  the 
output  aperture  of  the  laser,  6  =  full-angle 
beam  divergence  in  radians,  d  =  initial  beam 
diameter,  and  d'  =  the  beam’s  diameter  at 
distance  R,  then: 

d'  =  Re  +  d.  (1) 


6  is  normally  between  a  milliradian  (mrad)  and 
a  microradian  (piad).  This  divergence 
corresponds  to  a  1-meter  beam  diameter  at  1 
km  for  a  milliradian  and  a  1-meter  beam 
diameter  at  1000  km  for  a  microradian. 

We  now  need  to  spend  some  time  on  defin¬ 
ing  the  measurement  of  electromagnetic 
radiation.  The  terms  that  will  be  introduced 
apply  to  both  lasers  and  microwaves. 

Radiometry.  Radiometry  is  the  science  of 
measuring  electromagnetic  radiation.  Radiant 
energy  is  the  quantity  of  energy  traveling 
through  space  in  the  form  of  light  waves, 
usually  measured  in  Joules  (J).  Radiant  power  is 
the  radiant  energy  transferred  per  unit  time, 
usually  measured  in  watts  (W).  Irradiance  (I),  or 
power  density,  describes  the  amount  of  energy 
per  unit  time  per  unit  area,  and  is  usually 
measured  in  watts  per  square  meter  (W/m^)  or 
watts  per  square  centimeter  (W/cm^).  The  size 
of  the  area  on  which  the  laser  beam  is  concen¬ 
trated  makes  a  tremendous  difference  on  the 
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impact  of  the  power  delivered  —  the  smaller 
the  cross-sectional  area  of  the  target  receiving 
the  beam’s  power,  the  higher  the  irradiance,  or 
power  density. 

Radiant  exposure  (H).  or  energy  density,  is 
the  radiant  energy  per  unit  area  striking  a  sur¬ 
face.  and  is  expressed  in  Joules  per  square 
centimeter  (J/cm^).  Radiant  intensity  is  a 
measure  of  the  rate  of  light,  or  radiant  energy 
output,  leaving  a  point  source  per  solid  angle 
in  space.  Radiant  intensity  is  normally 
measured  in  watts  per  steradian  (W/sr).  The 
steradian,  like  the  radian,  is  a  unitless  quantity, 
and  is  the  solid  angle  (Q)  defined  in  the  same 
manner  that  a  plane  angle  is  defined  in 
radians.  It  may  be  thought  of  as  the  opening  at 
the  tip  of  a  cone  which  is  subtended  by  a  seg¬ 
ment  of  area  on  a  spherical  surface.  This  solid 
angle  is  independent  of  the  distance  from  the 
source.  Just  as  there  are  2n  radians  in  a  com¬ 
plete  circle,  there  are  4n  steradians  in  a 
complete  sphere. 

Divergence,  Beam  Diameter,  and  Spot  Size. 

.•\n  important  variable  in  the  power  of  the  out¬ 
put  beam  of  a  laser  occurs  across  the  diameter 
of  the  beam.  The  irradiance.  or  power  density 
(in  watts  per  unit  area),  is  not  the  same 
throughout  the  cross  section  of  the  laser  beam. 
Instead,  a  Gaussian  beam  is  used  to  describe 
irradiance. 

The  Gaussian  beam  operates  in  the  transverse 
E.\l  mode,  known  as  TEMoo-  Most  tactical 
lasers  are  designed  around  TEM.  The 
divergence  of  the  laser  beam  itself  is  generally 
determined  by  the  intrinsic  size  of  the  beam 
within  the  laser’s  optical  cavity.  The  maximum 
irradiance  (power  density)  of  a  Gaussian  beam 
is  at  the  center  of  the  beam  and  falls  off  as 
exp;-(g/w)2(  with  the  distance  g  from  the  center 
of  the  beam.  The  value  of  g  for  which  the  beam 
irradiance  decreases  to  1/e  of  its  value  at  the 
center  is  termed  the  spot  size,  w.  At  one  point 
in  the  cavity,  called  the  beam  waist,  the  Gaus¬ 
sian  beam  has  its  minimum  spot  size,  Wq.  The 
spot  size  at  the  beam  waist  determines  the 
divergence  of  the  laser  beam,  since  the  external 
beam  is  really  an  extension  of  the  internal  laser 
beam  within  the  cavity.  The  beam  diameter  is 
defined  as  the  distance  across  the  center  of  the 
beam  for  which  the  irradiance  exceeds  l/e^  of 
the  maximum  irradiance. 

The  beam  can  be  focused,  but  the  minimum 
focused  spot  size  is  limited  by  diffraction 
(bending  of  light)  around  the  largest  opening, 
which  is  generally  the  focusing  lens.  Using  dif¬ 
fraction  theory,  it  can  be  shown  that  the 
Gaussian  beam  from  a  laser  operating  in  the 
TEMqo  mode  can  be  externally  focused  to  a 
spot  size  of  radius: 


^  f 

Wo  =  —  X  —  ,  (2) 

n  w-i 

where  f  =  focal  length  of  the  focusing  lens 
used,  A  =  laser  wavelength,  and  wi  =  the  spot 
size,  or  radius,  of  the  (collimated)  beam  inci¬ 
dent  on  the  lens,  as  measured  from  the  beam 
center  to  the  point  where  the  field  amplitude  is 
down  by  1/e  (the  irradiance  is  l/e2  of  that  at 
the  beam  center). 

If  the  lens  or  aperture  is  nearly  uniformly 
illuminated,  the  minimum  radius  of  the  focused 
spot  of  light  is: 

1.22  A  X  Dt 

'■'min  ~  ~  •  (3) 

Ad 

where  Dt  =  distance  to  target  and  Ap  =  the 
diameter  of  the  aperture,  or  focusing  lens.  In 
practice,  most  lasers  are  worse  than  this  spot- 
size  limit,  often  by  a  factor  of  10.  For  long 
distances,  focusing  becomes  a  problem  if  the 
spot  size  must  be  small.  For  example,  at  10  km, 
to  focus  a  beam  down  to  a  spot  size  of  1  cm 
for  a  CO2  laser  (A  =  10.6  microns,  where  1 
micron  =  10^6  meters  =  1  gm)  would  require 
a  lens  13  meters  in  diameter.  If  a  Nd:YAG  laser 
(A  =  1.05  pm)  is  used,  the  lens  diameter  would 
drop  to  1.3  meters.  This  relationship 
demonstrates  the  desirability  of  shorter 
wavelengths  to  reduce  the  optics  requirements. 
However,  shorter  wavelengths  require  more 
precise  optical  components  and  alignments. 

Beam  diameter  is  essential  for  calculating 
irradiance  and  radiant  exposure.  If  the  power 
remains  constant,  the  smaller  the  beam 
diameter,  the  higher  the  irradiance  (power 
density);  if  energy  remains  constant,  the 
smaller  the  beam  diameter,  the  higher  the 
radiant  exposure  (energy  density). 

Atmospheric  Effects  on  Laser  Beam  Propagation 

Propagation  of  a  laser  beam  is  a  complex 
phenomenon  depending  on  many  physical 
effects  that  must  be  considered  in  the  design  of 
a  weapon  or  other  laser  device. 

Water  vapor,  aerosols  (e.g.,  haze),  rain,  snow, 
fog.  clouds,  and  turbulence  all  have  degrading 
effects  upon  the  laser  beam.  The  degree  and 
type  of  beam  degradation  is  dependent  upon 
the  “atmosphere”  through  which  the  laser 
beam  propagates,  e.g.,  a  vacuum,  linear 
atmosphere,  or  nonlinear  atmosphere. 

Vacuum.  In  a  vacuum,  i.e.,  at  very  high 
altitudes  for  exoatmospheric  applications,  the 
beam  irradiance  is  reduced  with  propagation 
distance  due  mainly  to  diffraction  or  beam 
spreading. 
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Linear  Atmosphere.  When  a  laser  beam  prop¬ 
agates  near  the  earth’s  surface,  there  are 
degradation  effects  associated  with  the  linear 
utmosphere,  i.e.,  where  the  laser  beam  itself 
docs  not  alter  the  normal  properties  of  the 
atmosphere  such  as  pressure,  density,  and 
temperature.  Linear  effects  on  the  laser  beam 
include  beam  absorption  and  scatter  caused  by 
molecules  and  aerosols;  beam  degradation  due 
to  adverse  weather  conditions  such  as  rain, 
snow,  clouds,  or  fog;  and  atmospheric 
turbulence. 

Nonlinear  Atmosphere.  When  the  laser  beam 
irradiance  is  high,  additional  nonlinear  prop¬ 
agation  effects  occur.  They  arise  because  the 
high-power  beam,  while  passing  through  the 
atmosphere,  alters  the  normal  properties  of  the 
atmosphere,  e  g.,  heats  the  air.  These  effects, 
including  thermal  bloommg,  kinetic  cooling, 
and  air  breakdown,  add  to  the  already  complex 
beam  degradation  taking  place  due  to  diffrac¬ 
tion  and  linear  atmospheric  effects. 

Beam  pointing  and  tracking  is  very  difficult 
for  a  laser  if  it  is  necessary  to  produce  a  small 
spot  size  on  a  target  and  hold  it  there  for 
several  seconds.  Accuracy  requires  that 
atmospheric  effects,  such  as  turbulence,  be 
compensated  for  by  some  sort  of  deformable 
mirror  or  adaptive  optics.  It  also  requires 
precise  opto-mechanical  engineering  of  the 
beam  director  and  microradian  tracking 
capability. 

Laser  Damage  .Mechanisms 

The  principal  damage  from  a  laser  is  the 
rapid  build  up  of  heat  on  the  target  —  the 
damage  mechanism  is  thermal.  The  energy 
heats  the  surface  of  the  target,  melts  the 
material,  and  burns  through  to  the  interior, 
destroying  vital  components.  A  focused  high- 
energy  laser  beam  can  produce  temperatures 
exceeding  those  of  the  sun,  causing  the  target 
to  weaken  structurally  or  melt.  However, 
heating  requires  time  and  is  not  instantaneous 
as  in  the  case  of  a  CPB.  This  time  period, 
called  dwell  time,  is  dependen;  on  the  irra¬ 
diance  (power  density)  reaching  the  target,  and 
can  vary  from  tenths  of  seconds  to  several 
seconds. 

It  should  be  noted  that  while  HELs  are  meant 
for  structural  kill,  low-  and  medium-energy 
lasers  can  also  be  extremely  effective  in 
defeating  optical  and  electro-optical  systems.  In 
addition  to  inflicting  temporary  to  permanent 
blindness  on  operators  of  these  systems,  these 
lower-powered  lasers  may  be  capable  of  caus¬ 
ing  similar  results  to  the  E-O  systems 
themselves. 


Navy  HEL  Interests 

The  Navy  is  interested  in  two  primary  HEL 
“weapon”  candidate  technologies:  free-electron 
lasers  (FELs)  and  chemical  lasers.  The  former 
may  be  years  away  from  a  practical  demonstra¬ 
tion,  while  the  Navy’s  chemical  laser  efforts 
have  shown  some  progress  over  the  past 
several  years. 

Free-Electron  Laser.  In  an  FEL,  a  stream  of 
electrons  is  accelerated  through  a  cylinder  and 
subjected  to  an  undulating  magnetic  field  at  in¬ 
tervals  along  the  cylinder,  i.e.,  every  few  cen¬ 
timeters.  This  ur.dulating  field  causes  the  elec¬ 
trons  to  deflect  back  and  forth  —  in  effect  forc¬ 
ing  them  to  vibrate  and  emit  laser  radiation  as 
they  pass  through  the  cylinder.  The  wavelengtn 
of  the  laser  energy  is  altered  by  changing  the 
distance  between  field  reversals.  The  greatest 
disadvantage  with  FELs  is  that  they  require  a 
large  electron-beam  accelerator  to  generate  the 
electrons,  which  in  turn  necessitates  a  large 
power  supply. 

Chemical  Lasers.  In  a  chemical  laser,  two 
atomic  gases  are  injected  into  a  combustion 
chamber  and  ignited.  As  the  gases  react,  excess 
energy  allows  a  single  electron  to  transfer  back 
and  forth  between  an  atom  of  one  gas  and  an 
atom  of  the  other,  keeping  the  new  molecule 
together.  As  the  electron  oscillates,  it  emits 
radiation  in  the  form  of  laser  light.  The  Navy’s 
Mid-Infrared  Advanced  Chemical  Laser 
(MIRACL)  (see  Figure  3)  burns  ethylene  with 
nitrogen  trifluoride  to  produce  a  hot,  high- 
pressure  gas  in  a  combustion  chamber  —  much 
like  a  rocket  engine.  The  gas  expands  through 
nozzles  and  a  small  amount  of  deuterium  is 
added.  The  resulting  reaction  produces  excited 
deuterium  fluoride  molecules  from  which  the 
lasing  occurs.  Two  mirrors  form  an  optical 
resonator  which  extracts  'he  energy  from  the 
excited  gas  in  the  form  of  an  intense  beam  of 
IR  radiation.  The  beam  is  then  transmitted  by 
relay  optics  to  the  beam  director.  In  the  beam 
director,  an  E-O  or  IR  tracker  acquire,,  and 
tracks  the  target.  Servos  driven  by  signals  from 
the  tracker  drive  the  optics  and  point  the  la-er 
beam  at  the  desired  aim  point. 

Since  chemical  lasers  generate  power  from 
the  combustion  of  chemical  reactants,  they 
require  only  modest  amounts  of  electricity. 

High-Power  Microwaves 

Since  the  development  of  radar,  great  em¬ 
phasis  has  been  placed  on  the  military  potential 
of  microwaves.  Similar  to  light,  microwaves  are 
electromagnetic  waves  that  share  many  of  the 
same  properties  of  light.  Microwaves  travel  in 
a  straight  line  at  the  speed  of  light,  and  can  be 
reflected  or  absorbed  by  various  materials.  Con- 
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vuntioruil  microuavo  systems  exist  on  all  naval 
platforms  for  many  purposes,  including 
communications,  navigation,  and  fire  control. 
In  the  directed  energy  area,  an  HPM  might 
he  used  to  jam  or  render  ineffective  a  wide 
r<mge  of  electronic  systems  such  as  radars, 
communications,  and  sensors. 

An  HP.VI  system  is  distinguished  from  these 
existing  microwave  systems  primarily  by  the 
magnitude  of  its  peak  output  power  (0,1  to  10 
The  average  power  level  is  1  MW  or 
more,  the  energy  in  a  single  RF  pulse  is  less 
than  a  joule  to  10  [  or  more,  and  operating  Ire- 
quencies  are  100  MHz  to  above  35  GHz,  Like  a 
conventional  microviv'e  system,  an  HPM 
system  consists  of  a  (a)  power  conditioning 
system,  (b)  microwave  source,  and  (c)  radiating 
antenna.  If  an  HPM  is  to  be  used  as  a  weapon, 
there  are  also  target  considerations  to  be 
examined,  i.e.,  is  the  potential  target  suscep¬ 
tible  to  an  HPM  source?  We'll  first  look  at  the 
HPM  source  and  its  antenna,  then  address 
target  issues. 

120  Microwave  Sources 

Microwave  sources  for  HPM  systems  deliver 
high-power,  short-duration  RF  pulses.  Devices 
commonly  used  include  klystrons,  magnetrons, 
backward-wave  oscillators,  virtual-cathode 
oscillators  (VIRCATORS),  and  gyrotrons. 


Typical  sources  operate  in  the  i  to  35  GHz 
range:  capabilities  in  the  e  gawatt  range  (peak), 
with  pulse  widths  of  a  few  nanoseconds,  have 
been  demonstrated. 

The  output  of  a  typical  HPM  source  is 
normally  a  pulsed  sine  wave  carrier  similar  to 
a  pulse  radar,  but  with  much  higher  pow'ers 
.;jd  much  lower  pulse  repetition  rates  [PRRsI 
or  frequencies  (PRFs).  A  typical  HPM  pulse 
train  is  shown  in  Figure  4,  and  includes  the 
critical  parameters  of  carrier  frequency  (fn). 
pulse  width  (t).  PRF,  pulse  rise  time  (tR),  and 
amplitude. 
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The  energy  per  photon  carried  by  a 
microwave  is  directly  proportional  to  the  fre¬ 
quency.  At  the  lower  frequency  bands, 
wavelengths  are  much  longer,  and  devices  to 
generate  and  direct  the  energy  efficiently  are 
much  larger.  The  RF  bands  defined  by  the 
radar  and  electronic  countermeasure  (ECM) 
communities,  respectively,  are  shown  in  Figure 
5.  Microwaves  are  more  difficult  to  focus  to  a 
small  spot  size  than  lasers  since  the  angular 
spot  size  is  roughly  proportional  to  the 
wavelength  divided  by  the  diameter  of  the  out¬ 
put  aperture  or  antenna. 

Microwave  Source  Antennas 

The  rules  governing  HPM  antennas  are 
similar  to  those  for  conventional  microwave 
systems.  However,  because  of  the  high  powers, 
there  are  some  considerations  unique  to  HPM 
systems.  Like  conventional  antenna  design,  the 
physical  size  of  the  antenna  in  wavelengths 
determines  the  focusing  of  the  microwave 
radiation  or  beam.  The  laiger  the  antenna,  the 
narrower  the  beam  width,  and,  thus,  the  more 
directional  the  beam  (i.e.,  more  of  the  available 
source  energy  can  be  focused  on  the  target). 

For  HPMs.  the  ability  of  the  antenna  to  focus 
radiation  on  a  target  is  limited  by  two  factors: 
th(>  diffrac:tion  limit  and  air  breakdown. 


Diffraction  Limit.  If  the  peak  power  output 
of  an  HPM  source  is  denoted  by  Pg  and  is 
radiated  uniformly  in  all  di'jctions,  the  power 
density,  Pj  (power  per  unit  area),  at  any 
distance  R  from  the  HPM  source  can  be  deter¬ 
mined  by  dividing  the  transmitted  power  by  the 
surface  area  of  an  imaginary  sphere  of  radius 
R,  i.e,, 

p 

Pt  (Omnidirectional)  =  - ^ —  .  (4) 

4nfi2 

The  power  output  of  a  directional  antenna  is 
related  to  Pf  of  an  omnidirectional  antenna  by 
the  antenna’s  power  gain: 

P  G 

Pt  (Directional)  =  — ^ —  .  (5) 

4nR2 

Therefore,  the  power  density,  Py  (in  W/cm^), 
available  at  a  distance  or  range,  R  (in  km),  from 
an  HPM  source  with  a  peak  source  power,  Pg 
(in  W),  and  antenna  directivity  or  gain,  G,  is 
given  by  the  one-way  radar  equation: 

„  _i7  P,  X  G 

Pt  =  8  X  10  — - -  .  (6) 

R2 

The  factor  G,  or  directivity,  of  the  microw'ave 
source  antenna,  which  is  a  relative  measure  of 


\  LF  =  ,1-30  kHz 
l.F  ^  30-300  kHz 
MF  =  300  kHz  -  3  MHz 


Figure  5.  Radio-frequency  bands. 
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the  antenna’s  ability  to  focus  the  microwave 
beam  in  a  particular  direction,  is  commonly 
called  the  gain  of  the  antenna.  Strictly  speak¬ 
ing,  gain  is  differentiated  from  directivity  in 
that  gain  takes  into  account  any  losses  in  the 
antenna.  Large  values  of  gain  are  expressed  in 
decibels  (dB).  Antenna  directivity  can  be  shown 
to  be: 


where  A  =  antenna  area  (in  cm2),  Da  =  the 
antenna  diameter  (in  cm),  rj  =  an  efficiency 
factor  to  account  for  losses  (usually  0.5  to  0.8), 
and  A  =  the  radio  frequency  wavelength 
(in  cm). 

Combining  equations  (6)  and  (7); 


Pt  =  8  X  10 


-12  Ps  h  Dj 


Air  Breakdown  Limitation.  One  final  value 
related  to  the  microwave  source  that  must  be 
determined  is  the  intensity  at  the  aperture  of 
the  microwave  source  antenna.  Assuming  once 
again  a  source  power  of  Pj  (in  W)  and  a  source 
antenna  diameter  of  Da  (in  cm),  the  aperture 
intensity.  Pa  (in  W/cm2),  is  given  by: 


Ps 

[Aperture  Area] 

4  P. 


(a  X  (-f)^  } 


However,  there  is  a  limitation  on  air 
breakdown.  Clean,  dry  air  breaks  down  be¬ 
tween  1.4  and  2.0  MVV/cm2  for  pulses  100  nsec 
or  longer,  which  limits  values  for  Pa  that  can 
be  used  by  HPM  source  designers.  'Therefore, 
coupling  gigawatt  microwave  sources  to  an 
antenna  without  arcing  at  the  feed  aperture 
poses  quite  a  challenge  for  HPM  systems. 

Effective  Radiated  Power  (ERP).  ERP, 
usually  expressed  in  watts,  is  also  employed 
by  the  microwave  community  to  describe 
microwave  sources.  The  ERP  can  be  defined 


ERP  =  Ps  X  G  (dB). 


fluence  the  susceptibility  level  of  a  potential 
target’s  electronics  by  either  affecting  how 
much  energy  can  reach  critical  electronics,  or 
the  level  of  energy  required  to  affect  the  piece- 
part  electronic  component.  The  microwave 
energy  coupled  into  a  target  also  depends  on 
the  coupling  path(s)  available,  namely  front¬ 
door  or  back-door  coupling. 

Front-Door  Versus  Back-Door  Coupling. 

Most  HPM  concepts  envisioned  and  proposed 
depend  on  “soft”  kill  of  a  target’s  electronics 
(i.e.,  burnout),  or  upset  and  disruption  of  its 
electronics.  HPMs  interact  with  a  target  in  one 
of  two  ways:  “front-door”  or  “back-door” 
coupling.  The  former  refers  to  any  microwave 
energy  entry  through  intentional  paths  intended 
for  microwave  reception,  such  as  radar  front 
ends,  RF  or  E-O  transmit-receive  paths,  etc. 

The  latter  refers  to  any  entry  via  unintentional 
paths,  e.g.,  cables,  connectors,  and  seams. 

HPM  Methodology.  Since  a  system’s  suscep¬ 
tibility  is  dependent  on  the  above  critical 
parameters,  and  the  parameter  space  is  so 
broad,  investigating  the  susceptibility  of  a 
system  over  every  possible  combination  of 
parameters  is  almost  impossible.  Instead,  a 
parametric  approach  is  normally  taken  where 
the  susceptibility  level  is  determined  for 
representative  HPM  source  parameters. 

HPM  Susceptibility  Analysis.  The  HPM 
front-door  energy  entry  path  for  a  typical 
system  is  basically  through  the  antenna,  down 
the  transmission  or  signal  path,  and  to  the 
critical  sensitive  electronic  component.  The 
power  density,  Pt,  required  to  transfer  suffi¬ 
cient  power  through  the  system  to  affect  the 
critical  component  may  be  determined  by  a 
knowledge  of  the  component  power  damage 
threshold,  Pp,  the  entry  path  transmission  loss, 
L,  and  an  effective  capture  area  of  the  energy 
port-of-entry  or  antenna,  Ae-  The  effective 
antenna  area,  Ae.  sometimes  called  an  effective 
aperture,  can  be  defined  as: 

.  1  Power  Reaching  Receiver  ) 

Ae=- - ; - 2 - 1,  (11) 

(  Incident  Power  Density  ] 

The  effective  area  is  related  to  the  antenna 
gain  by: 

G  X  A2 


where  G  is  normally  expressed  in  dB. 

Target  Considerations 

The  energy  coupled  into  a  target  is  highly 
dependent  on  the  critical  parameters  mentioned 
previously,  i.e.,  frequency,  pulse  width,  pulse 
shape,  intensity  of  the  radiation,  and  the  repeti¬ 
tion  rate.  Each  of  these  parameters  can  in¬ 


An  analytic  procedure  can  then  be  used  to 
predict/estimate  the  worst-case  susceptibility 
threshold  of  a  system  by  the  following  steps: 

(1)  Determine  by  measurement  or  estimate 
Pp,  the  minimum  damage  power  threshold  of 
the  component  most  likely  to  be  damaged,  as  a 
function  of  pulse  width,  t,  carrier  frequency,  fc. 
and  PRF. 
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(2)  Determine  by  measurement  or  estimate  the 
transmission  loss  (i.e.,  energy  attenuation)  of 
the  HPM  entry  path,  L,  as  a  function  of 
frequency. 

(3)  Determine  by  measurement  or  estimate  the 
gain  of  the  antenna,  G^ax  (for  maximum  energy 
coupling),  as  a  function  of  frequency,  aspect 
angle  (azimuth,  iji,  and  elevation,  0),  and 
polarization,  P. 

(4)  Convert  the  antenna  gain  to  an  effective 
capture  area  using  the  equation: 

Ae  =  .  (13) 

4  7t 


(5)  Determine  the  susceptibility  threshold  of 
the  system  (i.e.,  power  density  required  for 
damage),  Ptd,  by  combining  the  above 
parameters  into  the  following  equation: 


Ptd  Cf.  f  e.  T,  P) 


Pp  (T.  /I 

Ae  Lf.  i  0.  P)  L  (i) 


.  (14) 


Other  Issues 

Several  other  issues  are  of  concern  to  the 
HPM  community,  including  fratricide,  power 
versus  energy  on  target,  and  narrow-band  ver¬ 
sus  wide-band  sources. 

Fratricide.  Fratricide  is  of  great  concern.  The 
antenna  must  be  designed  so  that  side  lobes  are 
reduced  to  protect  own  ships’  personnel  and 
equipment. 

Power  Density  Versus  Energy  Density.  For 

single-pulse  damage  effects,  the  pulse  duration 
(width)  and  peak  power  determine  the  energy 
deposited  into  a  target’s  electronic  component. 
However,  energy  density  may  be  less  important 
for  single-pulse  HPM  weapon  concepts  than  for 
repetitive  (multi-pulse)  concepts.  In  this  case, 
the  lethality  of  an  HPM  weapon  may  depend 
not  only  on  the  power  density  at  the  target,  but 
also  on  the  pulse  shape  (particularly  pulse  rise 
time)  and  on  fluence,  i.e.,  cumulative  energy 
density  deposition.  For  N  pulses  on  a  target 
(per  burst  if  the  weapon  operates  in  a  burst 
mode),  with  a  pulse  duration  (width)  of  t,  and 
power  density  at  the  target  of  Px  in  W/cm^,  the 
fluence,  F,  in  J/cm^,  can  be  expressed  as: 

F  =  Pr  X  T  X  N.  (15) 

For  continuous  wave  devices,  the  product  N 
X  T  indicates  the  total  dwell  time,  which  may 
be  limited  by  the  operational  characteristics  of 
the  engagement.  There  is  also  a  trade-off  — 
care  must  be  taken  to  ensure  that  pulse  separa¬ 
tion  is  less  than  the  time  in  which  a  target’s 
electronic  component  can  dissipate  or  conduct 
away  the  heat. 


Narrow-Band  Versus  Wide-Band.  Histori¬ 
cally,  most  HPM  weapon  concepts  use  narrow- 
band,  single-pulse  sources,  and  emphasize 
generic  burnout  of  a  system’s  electronic 
components.  These  sources  are  designed  to 
operate  in-band  to  the  postulated  target 
system’s  susceptibility.  This  is  true  whether 
front-door  or  back-door  coupling  of  the  radiated 
energy  is  anticipated.  However,  this  does  re¬ 
quire  some  prior  knowledge  of  a  system’s 
operating  characteristics,  not  unlike  the 
requirements  placed  on  the  electronic  warfare 
(EW)  community. 

More  recently,  while  still  investigating  burn¬ 
out  effects,  the  HPM  community  is  beginning 
to  shift  its  emphasis  to  generic  upset  of  a 
system’s  electronic  components,  while  con¬ 
sidering  higher  carrier  frequencies  and  higher 
PRFs.  At  the  same  time,  there  has  recently 
been  keen  interest  in  wide-band  and  ultra-wide¬ 
band  (UWB)  technology,  both  from  the  detec¬ 
tion  community,  i.e.,  UWB  (impulse)  radar,  and 
the  ECM  community.  The  generally  accepted 
definition  of  wide  band?  The  band  width,  Af,  is 
commensurate  with  the  center  (carrier)  fre¬ 
quency,  fo,  i.e.,  Af/fo  ~  1. 

Like  narrow-band,  wide-band  is  dominated  by 
coupling.  The  energy  must  be  maximized  at  a 
potential  target’s  critical  frequency  and  band¬ 
width.  However,  even  for  wide-band  effects, 
generic  jamming  may  mean  tunability,  i.e., 
frequency  or  pulsewidth  agility.  There  is  also  a 
lack  of  understanding  and  development  of 
directional  wide-band  antennas. 

Pulsed  Power  Technology 

Finally,  a  short  definition  of  and  introduction 
to  pulsed  power  is  presented.  Pulsed  power  is 
the  compression,  in  time,  of  energy.  For  exam¬ 
ple,  in  Figure  6  a  capacitor  may  be  charged 


Power 

Time 

Amplification 

- ►  Compression 

10  GW 

Power 

✓ 

^lOKJ 

10  KW 

lOKJ 

Time  1  sec' 

1  ^sec  Time  '  I 

10  KJ  @ 

10  K)  @ 

1  sec  =  10  KW  1  psec  =  10  GW 

Figure  6.  Pulsed  power  defined. 
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from  a  power  supply  and  store  10  kj  over  1 
second,  i.e.,  10  kW  of  power.  If  this  same  10  kJ 
is  then  discharged  (via  a  “switch”)  to  a  load  in 
1  psec,  i.e.,  compressed  by  1,000,000  (10®)  in 
time,  10  GW  of  power  will  be  delivered  to  the 
load.  The  technologies  that  are  employed  to  ac¬ 
complish  this  compression  in  time  include 
prime  power,  i.e.,  a  power  “plug”;  energy 
storage,  i.e.,  the  storage  media;  and  switching, 
i.e.,  what  are  the  volts  and  amps  to  be 
switched,  and  at  what  repetition  rate? 

The  development  of  pulsed  power  com¬ 
ponents  and  their  associated  technologies  is 
critical  to  the  success  of  several  directed- 
energy-technology  concepts  presently  being 
developed.  For  example,  efforts  in  NAVSWC’s 
Pulsed  Power  Technology  Branch  include  the 
development  of  high-power,  high-repetition-rate, 
high-pressure  spark  gaps  for  use  in  compact 
e-beam  accelerators.  Smaller,  inexpensive 
spark-gap-based  LC  oscillators  are  also  being 
developed  for  ECM  applications. 

In  the  area  of  HPMs  and  EW,  a  new 
initiative  in  photoconductive  semiconductor 
switches  has  begun.  A  new  technology,  the 
bulk  optically  controlled  semiconductor  switch 
(BOSS),  based  on  copper-compensated  semi- 
insulating  GaAs,  is  being  developed  with  the 
capability  of  closing  and  opening  on  command 
with  two  different  laser  pulses.  When  this 
technology  is  embedded  in  a  simple  RF  source 
called  a  pulse  switch-out  generator,  synthesis  of 
multiple,  high-power  RF  pulses  may  be  possible 
with  only  two  switches.  This,  in  turn,  will 
allow  true  frequency  and  pulse-width  agility  in 
an  RF  source. 

NAVSWC’s  Pulsed  Power  R&D  Facility,  a 
source  of  high-voltage  prime  power  (50  KV  @ 

4  A,  or  200  kW),  includes  12.5  kJ  of  energy 
storage  capacity  in  the  filter  bank.  It  is  used  to 
test  and  develop  energy  storage  devices  and 
switching  concepts,  i.e.,  pulsed  power 
technologies.  However,  when  a  water-based 
pulse-forming  line,  an  energy  storage  device,  is 
utilized,  it  is  capable  ol  generating  50-kV, 
200-nsec  pulses  into  a  2-Q  load. 


Summary  and  Conclusions 

As  the  missile  threat  to  the  surface  Navy 
pushes  the  limits  of  conventional  ASMDs, 
directed  energy  technologies,  with  their  speed- 
of-light  propagation  velocities  and  various  hard- 
124  and  soft-kill  mechanisms,  may  offer  tactical 
alternatives  for  own-ship  defense,  either  as 


an  adjunct  to  a  conventional  missile  defense 
system  or  in  a  stand-alone  posture.  However, 
for  each  advantage  articulated  for  a  particular 
DE  technology,  at  least  one,  and  sometimes 
several,  disadvantages  can  be  presented, 
namely: 

•  CPB;  Advantages  include  kinetic  energy 
kill,  with  energy  deposited  rapidly  (psecs) 
and  deeply,  as  well  as  hard-  and  soft-kill 
mechanisms;  however,  propagation 
distances  are  limited,  there  is  a  need  to 
develop  compact  accelerators,  and 
fratricide  may  be  a  severe  problem. 

•  HEL:  This  is  a  mature  technology,  with 
propagation  and  hard  kill  demonstrated;  an 
HEL  (MIRACL)  has  been  built  and 
operated;  however,  propagation  is  severely 
limited  by  weather  and  atmospheric  condi¬ 
tions,  “long”  dwell  times  (up  to  a  few 
seconds)  are  needed  for  thermal  kill,  non¬ 
linear  atmospheric  effects  exist,  and 
MIRACL  is  large. 

•  HPM:  Again,  this  is  a  mature  technology 
with  much  available  susceptibility  data; 
however,  kill  mechanisms  are  not  entirely 
understood  nor  immediately  verifiable, 
fratricide  issues  need  to  be  addressed, 
generic  electronics  “kill”  is  not  likely,  and 
repetitive  systems  may  be  more  desirable. 

There  remain  many  questions  facing  the 
directed-energy  community,  including  pay-off 
versus  investment  costs  for  each  individual 
directed-energy  technology,  ship  compatibility, 
and  near-term  applications.  For  example,  in  the 
HPM  area,  how  (or  will)  ultra-wide-band 
technology  be  incorporated  into  future  con¬ 
cepts?  Can  it  truly  be  used  by  the  detection 
(radar)  community,  or  is  this  technology  more 
likely  to  find  applications  in  the  EW  com¬ 
munity?  And  the  most  likely  directed  energy 
technology  candidate  for  near-term  incorpora¬ 
tion  into  the  Navy?  Probably  some  form  of  an 
HPM-based  system,  either  as  an  adjunct  in  a 
point-defense  suite,  or  in  an  ECM  (e.g., 
jamming)  role. 

As  budgets  shrink  and  priorities  shift  from 
blue-water  tactics  to  own-ship  defense,  as  faced 
by  the  Navy  in  the  Persian  Gulf,  a  decision  will 
undoubtedly  be  made  on  which  DE  technology 
to  pursue  and  develop  to  deployment.  Although 
this  may  mean  that  some  promising 
technologies  go  into  hiatus  for  several  years, 
directed  energy  technologies  offer  a  promising 
means  of  countering  future  threats  to  U.S. 
naval  forces. 
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An  Electromagnetic  Noise  Collection  and 
Processing  System,  ^‘Arctic  Research 
Buoy” 

J.  F.  Scarzello,  D.  S.  Lenko,  LCDR  G.  G.  Durante 


The  Naval  Surface  Warfare  Center  fNAVSWC)  has  developed 
a  cost  effective  system  for  continuously  acquiring  geomagnetic 
noise  data  in  the  magnetosphere’s  polar  and  auroral  zones  in  the 
arctic;  the  name  given  to  the  system  is  Arctic  Research  Buoy 
(ARB).  The  system  was  designed  to  function  unattended  in 
remote  areas  for  periods  of  up  to  two  years.  It  was  also  designed 
to  process  the  recorded  data  and  to  transmit  selected  segments 
of  the  data  back  to  the  continental  United  States  via  satellite 
telemetry  links.  This  article  discusses  features  of  the  ARB  design 
and  gives  some  background  history  on  early  ARB  deployments. 

Introduction 

Electromagnetic  noise  associated  with  the  aurora  in  the  arctic  has  the 
potential  for  disturbing  many  types  of  electrical  systems,  including  com¬ 
munications  systems  and  several  types  of  sensors  that  are  important 
components  in  Navy  weapon  systems.  For  investigators  to  assess  the  impact 
of  this  noise,  extensive  measurements  are  needed  on  frequency  of  occur¬ 
rence,  duration,  correlation  over  large  distances,  and  variation  in  intensity. 
The  harsh  physical  conditions  and  high  cost  of  operating  in  the  arctic 
weigh  against  use  of  manned  measurement  stations  at  remote  sites  during 
much  of  the  year.  Over  the  last  five  years,  the  Office  of  Naval  Technology 
has  SDonsored  NAVSWC  to  develop  a  unique,  unmanned  measurement  and 
data  collection  system  that  can  operate  continuously  for  over  a  year  in  the 
arctic  environment.  The  system  is  designed  to  provide  a  cost  effective 
means  for  recording  electromagnetic  noise  radiated  by  the  magnetosphere’s 
polar  region  and  auroral  zone.  The  system  is  also  designed  to  screen  the 
data  and  transmit  selected  segments  back  to  the  continental  United  States 
(CONUS)  via  satellite  link.  This  article  discusses  some  of  the  unique 
features  of  this  system  as  well  as  the  history  behind  its  development  and 
use  to  date. 

The  unique  character  and  amplitude  of  electromagnetic  noise  in  polar 
regions  are  due  to  the  interaction  of  the  solar  wind  with  the  earth’s 
magnetic  field,  as  shown  in  Figure  1.’  As  a  consequence  of  this  interaction, 
there  are  temporal  variations  in  the  ambient  magnetic  field  referred  to  as 
geomagnetic  noise.  The  magnetic  north  and  south  poles  define  a  “skewed 
magnetosphere"  field  distribution.  The  ambient  magnetic  field  amplitude 
varies  with  position  on  the  earth  and  the  earth’s  orientation  to  the  sun,  as 
well  as  being  a  function  of  solar  sunspot  activity.  The  magnetosphere  has 
two  distinct  regions  with  respect  to  arctic  geomagnetic  noise,  the  polar  cap 
which  tends  to  be  quieter  and  the  auroral  zone  where  disturbances  tend  to 
be  greatest.  It  is  necessary  to  collect  geomagnetic  noise  for  long  periods  of 
time,  to  characterize  it,  and  to  determine  the  spatial  coherence  between 
measurement  sites.  The  system  developed  by  NAVSWC  to  make  these 
geomagnetic  noise  measurements  is  called  the  ARB. 

Arctic  Research  Buoy  System 

The  ARB  system  is  designed  to  make  both  triaxial  magnetic  and  triaxial 
electric  field  measurements  and  to  be  flexible  enough  to  do  on-site  pro- 
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Figure  1.  A  schematic  drawing 
showing  most  of  the  major 
regions  of  the  magnetosphere. 

The  drawing  is  roughly  to 
scale  and  a  southward 
directed  interplanetary  field 
is  assumed  (Reprinted  with 
permission  from 

McPherron,  R.L.,  “Magnetospheric 
substorms,”  Rev.  Geophys. 

Space  Sci.  17,  1979.) 


cessing  and  screening  of  the  recorded  data. 

This  unattended  “smart”  buoy  must  operate  in 
the  arctic  region  for  at  least  a  year  subject  to 
limitations  imposed  by  satellite  data  rates, 
available  power  sources,  modest  microcom¬ 
puter  processing  power,  and  random  access 
memory  data  storage  size.  The  ARB  system 
is  designed  to  continuously  measure  and  record 
the  six  electromagnetic  field  components, 
screen  the  recorded  data  for  segments  of  scien¬ 
tific  interest  based  on  programmed  criteria,  and 
transmit  the  selected  segments  to  stations  in 
CONUS  via  satellite  link.  Once  this  transmis¬ 
sion  occurs,  the  stored  data  is  erased  to  make 
room  for  new  data  in  the  system  memory.  A 
typical  ARB  system  deployed  near  an  ice 


station  is  shown  in  Figure  2.  The  number  and 
type  of  sensors  deployed  at  any  site  vary 
depending  on  needs  and  constraints. 

The  term  buoy  was  adopted  because  the 
system  must  be  able  to  float  in  order  to  survive 
the  arctic  “summer”  in  a  melt  pond,  and  also 
because  the  ARB  components  look  similar  to 
spar  buoys  in  the  ocean.  Physically,  the  ARB 
system  is  a  collection  of  waterproof  packages 
containing  electrical  components  and  other 
items  such  as  batteries.  The  square  box  con¬ 
taining  the  zinc  air  batteries  appears  on  the  left 
in  Figure  2  along  with  the  solar  panels;  these 
are  the  two  primary  power  systems  for  the 
ARB.  Individual  subsystems  are  discussed  in 
more  detail  in  the  following  sections. 


Figure  2.  The  Arctic  Research 
Buoy:  an  electromagnetic 
noise  collection  and  processing 
buoy  system  developed  by 
NAVSWC  to  acquire 
geomagnetic  noise. 
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Sensor  Buoy 

The  ARB  system  actually  consists  of  two 
basic  subsystems;  the  “sensor  buoy,”  which  col¬ 
lects  and  processes  the  measured  data  and  the 
“telemetry  buoy,”  which  communicates  with 
satellites.  As  shown  in  Figure  3,  the  electric 
and  magnetic  field  sensors,  as  well  as  other  en¬ 
vironmental  sensors,  are  associated  with  the 
sensor  buoy  package,  although  the  electric  field 
sensors  are  housed  in  a  separate  unit  that  is 
cable-connected  to  the  primary  sensor  buoy. 


The  analog  voltage  outputs  from  the  sensors 
are  multiplexed  onto  a  single  carrier,  run 
through  a  12-bit  analog-to-digital  (A/D)  con¬ 
verter,  and  sent  to  a  computer  in  the  sensor 
buoy  for  storage  and  processing.  The  sensor 
buoy  is  about  24  feet  in  length.  Figure  4  shows 
two  buoys  being  uncrated  and  readied  for 
deployment:  the  one  in  the  foreground  houses 
the  sensors,  the  one  in  the  background  is  the 
primary  telemetry  buoy,  and  the  two  vertical 


to 

ARGOS 

Computer 


Figure  3.  Arctic  research  buoy  system  block  diagram. 
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Figure  4.  Sensor  and  telemetry 
buoys  are  readied  for  deployment. 
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units  are  the  receive  (to  the  left)  and  transmit 
antennas.  The  electric  field  sensor  is  placed  in 
an  8-inch  hole  drilled  through  the  ice  so  that 
the  electric  field  sensors  can  be  in  the  water 
below  the  ice  canopy.  The  magnetometers  and 
associated  electronics  are  in  the  sensor  buoy 
frozen  in  the  ice.  The  electric  and  magnetic 
field  sensors  arc  designed  with  “front-end” 
calibration  systems  that  can  be  activated  by 
command.  When  activated,  electric  and 
magnetic  fields  of  known  strength  are 
generated;  the  corresponding  voltages  are  sent 
through  the  total  system  to  the  computer. 

The  magnetic  sensor  used  in  the  system  is  a 
triaxial  Brown  magnetometer  which  is  a  very 
low  power  (it  consumes  about  1.5  milliwatts) 
ring-core  fluxgate  magnetic  sensor  with  a  low 
noise  level;  the  magnetic  sensor  package  is 
shown  outside  its  package  in  Figure  5.  In  more 
recent  versions  of  the  ARB,  the  Brown 
magnetometer  is  being  replaced  with  a  more 
sensitive  Helium-3  total  field  nuclear  magnetic 
resonance  magnetometer. 

The  electric  field  sensors  are  made  from 
silver/silver  chloride  electrodes  mounted  in 
pairs  on  the  ends  of  2-meter-long  fiberglass 
tubes.  Before  deployment,  these  tubes  are  all 
aligned  parallel  to  the  main  (vertical)  axis  of 
the  unit  buoy  so  that  it  can  fit  through  an 
8-inch-diameter  hole  in  the  ice.  After  the  sensor 
is  properly  seated  in  the  hole,  two  of  the  arms 
are  allowed  to  rotate  into  position  to  form  the 
horizontal  axes.  The  electric  field  sensors  are 
isolated  from  system  ground  and  their  outputs 
are  fed  into  low  power  amplifiers.  The  center 
of  the  electric  field  measurement  system  is  in 
the  water  about  2  meters  below  the  bottom  of 
the  ice.  Other  sensed  information  includes  tilt, 
temperature,  absolute  magnetic  field  com¬ 


ponents,  and  system  status  voltages.  For  some 
recent  shore-based  deployments,  long  baseline 
magnetic  sensors  are  located  external  to  an  un¬ 
manned,  computer  controlled  “sensor”  unit. 

The  computer  module,  located  in  the  sensor 
buoy,  consists  of  a  low  power  RCA  CMOS 
1805  microcomputer,  a  master  absolute  time 
clock,  A/D  converter,  multiplexer,  sensor  inter¬ 
face  board,  data  memory,  and  system  control 
software  stored  in  read-only-memory.  The 
USAF  Lincoln  Experimental  Satellite  9  (LES-9) 
provides  a  300-baud  command  link  to  the  buoys 
as  well  a  return  2400-baud  data  link.  To  take 
full  advantage  of  the  LES-9  link,  a  number  of 
control  options  were  incorporated  including 
master  time  clock  correction,  data  selection 
criteria,  timing  of  data  segments  to  allow 
correlation  with  ARBs  in  other  locations, 
calibration  commands,  and  command-selected 
data  transfer  times  in  an  assigned  transmission 
window. 

Telemetry  Buoy 

The  telemetry  buoy  section  is  the  ARB  sta¬ 
tion’s  link  with  the  outside  world.  Components 
of  this  buoy  system  are;  (1)  a  receiver  and 
transmitter,  (2)  an  omnidirectional  transmitting 
antenna  and  an  omnidirectional  receiving 
antenna  with  a  preamplifier,  (3)  secondary 
gelled  electrolyte  lead-acid  batteries  and  power 
regulation  circuitry,  (4)  primary  zinc  air 
batteries  housed  in  sealed  containers  with  air- 
breathing  chimneys  capped  with  snow  filters 
that  provide  about  50  volts  with  a  2,400- 
ampere-hour  capacity  for  the  satellite  telemetry 
link,  and  (5)  a  solar  cell  array  to  supplement 
the  primary  batteries.  Both  the  sensor  buoy  and 
the  telemetry  buoy  systems  are  designed  to 


Figure  5.  Magnetic  sensor  package 
and  housing. 
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have  a  two-year  lifetime.  When  the  system  is 
deployed  in  the  arctic,  a  plywood  ablation 
shield  is  placed  around  all  primary  ARB 
components. 

Satellite  Links 

Until  recently,  the  primary  telemetry  link  has 
been  with  the  USAF’s  LES-9  satellite.  NAVSWC 
had  been  assigned  a  one-hour  daily  access 
period  to  transmit  data  and  commands.  The 
LES-9  was  in  a  geosynchronous  circular  orbit, 
inclined  25  degrees  to  the  equator  at  106 
degrees  west  longitude.  The  ARB  uses  a  data 
link  of  2,400  baud,  which  is  carrier-modulated 
by  biphase  Differential  Phase  Shift  Keying.  The 
ARB  transmits  data  back  after  it  receives  and 
decodes  commands  sent  at  300  baud  with  an 
asynchronous  format.  The  data  transmitted 
typically  consists  of  three  “snapshots”  of  elec¬ 
tric  and/or  magnetic  field  noise  segments 
which  were  selected  either  by  time  or  by 
amplitude  characteristics  after  screening  by  the 
sensor  buoy  computer.  Also  transmitted  are:  (1) 
relative  difference  information  for  each  sensor 
for  each  2.5  minute  period  during  the 
preceding  23  hours,  (2),  the  ambient 
temperature,  and  (3)  the  system  status  voltages. 
The  LES-9  telemetry  link  was  lost  last 
December  when  the  satellite  was  moved  to 
support  operation  Desert  Storm. 

The  ARB  sensor  buoy  is  also  connected  by 
cable  to  a  nearby  ARGOS  buoy  which  provides 
a  communication  link  with  the  polar  orbiting 
Naval  Oceanographic  and  Atmospheric 
Administration  (NOAA)  ARGOS  satellites.  The 
ARGOS  buoy  data  link  has  very  limited  capac¬ 
ity,  but  it  does  provide  information  on  system 
location  and  can  relay  up  to  256  bits  of  infor¬ 
mation  on  vital  ARB  system  status  parameters 
and  max/min  ARB  sensor  data.  This  backup 
data  link  proved  invaluable  when  the  LES-9 
link  was  no  longer  available,  and  important 
position  information  transmitted  via  ARGOS 
made  possible  the  recovery  of  two  drifting  ice 
stations  that  otherwise  might  have  been  lost. 

ARB  Base  Station 

The  ARB  base  station  is  located  at  NAVSWC 
in  White  Oak,  Maryland.  It  consists  of  (1)  two- 
directional  helical  satellite  antennas  used  for 
receiving  and  transmitting;  (2)  a  70-watt  UHF 
transmitter:  (3)  tunable  receiver;  and  (4)  an 
130  RCA  microcomputer  development  system  that 
serves  as  the  base  station  computer  with  an 
IBM  AT-compatible  PC  programed  for  un¬ 
attended  base  station  operations.  The  PC  also 
provides  the  telephone  modem  for  ARGOS  data 
retrieval  and  remote  emergency  satellite  access 
control.  Transmitted  data  segments  are 


“deglitched”  of  telemetry  link  dropouts, 
screened  to  select  the  most  interesting  data, 
and  formatted  on  5-1/4-inch  floppy  disks.  This 
data  is  provided  to  researchers  to  determine 
spatial  coherence  and  other  characteristics  of 
arctic  region  geomagnetic  noise. 


Deployments 

The  ARB  system  buoy  was  first  deployed 
using  a  hard-wired  telemetry  link  during  a 
spring  1984  joint  Canadian  (Defence  Research 
Establishment  Pacific-DREP)/U.S.  (NAVSWC) 
expedition  near  Resolute,  NWT,  Canada.  The 
camp  was  located  about  125  miles  from  the 
North  Magnetic  Pole,  in  the  magnetosphere’s 
polar  cap  region.  Several  sensor  deployment 
schemes  were  tried,  and  the  lessons  learned 
resulted  in  a  redesign  of  the  electric  field 
sensor  electronics.  Much  of  the  data  collected 
in  that  test  period  was  during  a  very  large 
geomagnetic  storm.  The  second  ARB  deploy¬ 
ment  using  the  LES-9  satellite  data  link 
occurred  at  the  Applied  Physics  Laboratory, 
University  of  Washington's  (APL/UW's)  Ice 
Station  (APLIS)  during  ICEX  1-86.  Due  to 
equipment  failures,  telemetry  link  refurbish¬ 
ment  and  some  ARB  system  redesigns  were 
again  required. 

In  the  spring  of  1987,  NAVSWC  deployed 
two  ARB  systems  with  DREP  logistics  support, 
one  at  an  ice  station  northwest  of  Alert,  and 
the  other  on  shore  about  1000  feet  from  the 
Lincoln  Sea  shoreline.  Both  systems  performed 
well  until  unrelated  failures  occurred  about 
nine  months  after  deployment;  the  ice  station’s 
LES-9  transmitter  failed,  and  the  shore  station’s 
computer  module  power  regulator  transistor 
shorted.  Fortunately,  the  ice  station’s  backup 
ARGOS  satellite  link  continued  to  operate, 
sending  back  sensor  buoy  information  and  posi¬ 
tion  information;  the  ARB  was  recovered  by 
DREP  and  Canadian  Forces  helicopter  person¬ 
nel  in  May  1988.  The  ARB  Alert  shore  site  was 
repaired  and  its  software  upgraded  in  January 
1988  so  that  modifications  could  be  tested 
before  ICEX  1-88. 

Two  ARB  installations  were  completed 
during  April  1988  as  part  of  ICEX  1-88.  An 
ARB  ice  station,  similar  to  the  1987  Alert  ARB, 
was  deployed  about  2000  feet  from  the  main 
APLIS  camp.  At  the  USAF’s  Distant  Early- 
Warning  line  site  on  Barter  Island,  Alaska,  an 
ARB  shore  site  was  established  about  200  feet 
from  the  Beaufort  Sea  shoreline.  All  four  ARB’s 
were  operational  from  late  March  1988  to  May 
1988,  when  the  ARB  Alert  ice  station  system 
was  recovered  by  DREP/CF  personnel.  DREP, 
located  in  Victoria,  B.C.,  Canada,  has  an  LES'9 
satellite  base  station  receiver,  and  acquires 
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Figure  6.  Overview  of  1988  ARB  network. 


the  ARB  data  under  the  provisions  of  an 
international  exchange  agreement.  Figure  6 
gives  an  overview  of  the  ARB  network  during 
this  time. 

The  ARB  APLIS  ice  station  performed  well 
for  four  months  before  abruptly  failing.  In 
September  1988,  NAVSWC  and  APL/UW  with 
U.S.  Coast  Guard  (L/SS  Polar  Star)  support, 
mounted  a  repair/recovery  attempt  which  failed 
due  to  bad  weather  (ice,  fog)  and  helicopter 
navigational  errors.  The  ARB  APLIS  ice  station 
was  recovered  on  31  March  1989  as  part  of  the 
Naval  Oceanographic  Office  White  Trident  89 
operations.  To  facilitate  the  recovery,  NAVSWC 
personnel  hurriedly  modified  12  AN/SSQ-41B 
sonobuoys  to  use  as  beacons;  they  were 
deployed  near  the  ice  station  by  P-3C 
surveillance  aircraft  from  Oceanographic 
Development  Squadron  8,  based  at  the  Naval 
Air  Test  Center,  Patuxent  River,  Maryland.  The 
sonobuoys  were  modified  to  include  an  alkaline 
"D  ”  cell  battery  pack  instead  of  a  sea  water 
battery,  and  were  fitted  with  a  much  larger. 


bright  orange  parachute.  The  acoustic  sensor 
and  scuttle  timer  circuitry  were  removed,  and  a 
programmable  timer  board  was  installed  so  the 
buoy  transmitter  would  provide  periodic  RF 
signals  for  one  week  at  —40°  C.  VXN-8,  using 
onboard  GPS  navigation  and  NAVSWC’s 
ARGOS-supplied  ARB  position,  located  the 
ARB  and  dropped  a  beacon  buoy.  NAVSWG’s 
recovery  team,  on  an  Alaska  Air  National 
Guard  Black  Hawk  helicopter,  used  DF  equip¬ 
ment  and  sighted  the  beacon  buoy  about  150 
feet  from  the  ARB.  The  ARB  had  been  attacked 
by  a  polar  bear  and  suffered  from  surface  ice 
ablation.  Figure  7  shows  that  ARB  station  being 
dismantled;  all  high-value  equipment  was 
recovered  in  less  than  40  minutes. 

Gurrently,  the  ARB  shore  sites  at  Alert  and 
Barter  Island  continue  to  operate,  but  the 
telemetry  link  was  lost  when  the  LES-9  satellite 
was  put  into  a  different  orbit  to  support  Desert 
Storm.  As  part  of  the  remote  environmental 
sensors  program  in  ICEX  91,  a  third  ARB 
station  was  recently  installed  at  Pt.  Barrow, 
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Figure  7.  The  ARB  APLIS  ice  station  was 
recovered  as  part  of  NAVOCEANO’s  White  Tri¬ 
dent  1989  operations. 


Alaska.  The  stations  are  configured  so  that 
with  some  minor  support  from  personnel  at  the 
sites,  the  data  collection  effort  can  continue. 
This  work  is  critical  because  the  solar  sunspot 
activity  has  just  passed  the  maximum  in  its 
11-year  cycle  and  the  geomagnetic  noise 
maximum  is  predicted  to  peak  in  the  near 
future. 

Data  Analysis 

In  addition  to  characterizing  the  geomagnetic 
noise  from  measurements  at  a  point,  it  is  also 
of  interest  to  analyze  the  spatial  coherence  be¬ 
tween  ARB  sites.  We  were  fortunate  in  having 
four  ARB  stations  functioning  at  the  same  time 
for  about  a  two-month  period  during  1988;  this 
provided  an  excellent  measure  of  global,  simul¬ 


taneous  geomagnetic  noise  activity.  Baseline 
distances  among  ARBs  varied  from  100  to  350 
miles  between  ice  stations  and  corresponding 
shore  sites  in  both  the  polar  and  auroral  zones, 
and  1400  miles  between  polar  and  auroral  zone 
stations.  Simultaneous  noise  segment  correla¬ 
tions  were  examined.  If  a  single  magnetometer 
component  is  selected  from  an  ice  station  buoy, 
and  a  parallel  magnetic  component  from  a 
shore-based  triaxial  magnetometer,  then 
coherent  processing  can  be  used  to  reduce  the 
noise  level.  From  data  processed  this  way, 
temporal  geomagnetic  noise  reductions  of 
20  dB  have  been  demonstrated. 

ARB  data  is  being  used  to  help  optimize 
algorithms  for  various  sensor  devices  currently 
in  use  by  the  fleet,  and  data  is  also  being  stored 
in  a  library  for  future  use  in  designing  and 
evaluating  sensor  performance. 

Future  Work 

The  ARB  has  been  a  cost-effective  tool  for 
acquiring  data  from  inaccessible  regions. 
Although  the  current  ARB  system  uses 
magnetic  and  electric  field  sensors,  numerous 
other  sensors  could  be  used.  Base  station  and 
ARB  telemetry  link  upgrades  must  be  made  to 
increase  system  reliability.  The  computer 
module  should  be  upgraded  to  take  advantage 
of  recently  developed,  powerful,  low-power 
microprocessors  and  increased  memory  chip 
densities.  A  test  to  evaluate  zinc-air  primary 
battery  performance  should  be  refined  and 
battery  housings  modified  to  ensure  an 
unobstructed  air  supply.  To  fully  extract  energy 
from  primary  batteries,  wide-input  voltage 
range  DC-to-DC  converters  must  be  used  with 
redundant,  fail-safe  circuitry.  Connectors  must 
be  rugged,  military-type  MS  connectors  pro¬ 
tected  from  the  elements  by  covers  or  plastic 
bags.  Interconnecting  cables  with  rubber 
insulating  jackets  have  performed  well,  but 
have  suffered  damage  from  animals.  Applying  a 
coating  of  quinine  or  other  obnoxious 
substance  might  discourage  attacks  by  polar 
bears  and  arctic  foxes.  The  hastily  modified 
sonobuoy  beacons  should  be  upgraded  to 
include  numerous  desirable  options.  Any  new 
ARB  ice  station  should  be  equipped  with  an 
independent,  RF-command-actuated  VHF  or 
UHF  link  to  facilitate  direction  finding  for 
repair  or  recovery. 
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On  the  Validity  of  Normal  Mode  Theory 
for  Modeling  Undersea  Acoustic 
Propagation 

fuan  I.  Arvelo,  Jr. 


This  article  deals  with  modeling  of  acoustic  transmission  loss 
in  shallow-water  environments.  The  ability  to  detect  targets  in 
shallow  coastal  waters  is  receiving  increasing  emphasis  in  the 
light  of  currently  projected  low-intensity-conflict  scenarios.  The 
most  accurate  prediction  of  underwater  sound  transmission  is 
achieved  with  the  normal-mode  theory  for  a  water  column 
modeled  as  an  acoustic  waveguide  A  Naval  Surface  Warfare 
Center  (NAVSWCj  normal-mode  propagation  model  has  been 
developed  to  account  for  sound-speed  variation,  sediment  and 
subbottom  elasticity,  surface  and  bottom  roughness,  and  range 
dependence  of  the  ocean  waveguide.  Results  of  the  model  are 
compared  with  meas”rements  from  a  laboratory  experiment. 
Good  agreement  between  the  predictions  and  measurements  was 
found  to  validate  the  accuracy  of  the  normal-mode  model.  This 
model  will  be  used  to  determine  the  optimum  frequency  of 
operation  for  an  active  sonar  system  in  selected  environments. 


Introduction 

Partly  as  a  result  of  political  changes  taking  place  in  the  world,  the 
emphasis  in  antisubmarine  warfare  (ASW)  is  shifting  from  deep  to  shallow 
water.  Shallow-water  ASW  is  difficult  both  in  practice  and  in  theory 
because  of  the  sound’s  multiple  interactions  with  the  ocean  floor  and  the 
hi;ih  variability  of  the  water’s  sound  speed  profile.  Central  to  ASW  model¬ 
ing  and  prediction  is  the  need  to  have  an  accurate  method  for  computing 
propagation  loss.  The  standard  ray-trace  procedures  that  work  well  in  deep 
water  are  known  to  break  down  in  shallow  water,  and  surface  and  bottom 
interactions  become  extremely  important.  The  normal-mode  approach  has 
been  used  for  many  years  to  model  sound  propagation  in  shallow  water,  but 
it  has  become  evident  that  the  bottom’s  elasticity  must  also  be  included. 

Several  other  investigators  have  developed  sound  propagation  models  that 
include  bottom  elasticity.  Schmidt,’  for  example,  included  shear  waves  in  a 
Fast  Field  model  that  applies  only  to  range-independent  environments.  Ellis 
and  Chapman^  included  the  elasticity  of  the  bottom  in  the  simple  Pekeris 
waveguide  model,  resulting  in  a  reasonable  agreement  with  experimental 
measurements,  but  they  recognized  the  need  for  a  multilayered  model. 
Collins^  extended  the  Parabolic  Equation  model  to  accommodate  bottom 
elasticity  in  a  range-dependent  waveguide,  but  this  model  incorporates 
several  assumptions  and  approximations  that  must  be  validated  with 
experimental  observations  and  benchmark  calculations.  With  the  develop¬ 
ment  of  parallel  processing  and  supercomputers,  the  propagation  approxi¬ 
mations  in  the  parabolic  equation,  finite  element,  fast  field,  and  ray  theory 
models  will  become  obsolete  because  exact  models,  such  as  the  normal¬ 
mode  approach,  can  be  used  for  higher  frequencies  and  deeper  oceans. 

The  normal-mode  theory  gives  the  exact  solution  to  the  problem  of  sound 
propagation  in  a  range-independent  ocean  waveguide.  However,  the  bottom 
of  the  ocean  is  an  elastic  medium  where  b^th  compressional  and  shear 
wax  es  are  created  by  the  compressional  waves  from  the  source  in  the  water 
column. 
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In  the  NAVSWC  normal-mode  model,  sound 
penetration  into  the  bottom  is  accounted  for  by 
including  the  modes  that  radiate  into  the  ocean 
floor.  This  set  of  radiating  modes  has  an  in¬ 
herently  discrete  wave-number  spectrum;  the 
complex  eigenvalues  are  determined  by  a 
search  in  the  complex  k-plane.  A  semi-infinite 
elastic  basement  layer  is  included  in  the  model, 
representing  the  last  layer  reached  by  the 
decaying  eigenfunctions.  The  range  dependence 
of  the  ocean’s  acoustic  properties  and  its  boun¬ 
daries  are  taken  into  account  by  dividing  this 
waveguide  into  range-independent  segments. 
The  eigenvalues  and  eigenfunctions  are  deter¬ 
mined  for  each  segment,  and  a  modified 
adiabatic  method"*  is  used  to  evaluate  the  sound 
transmission  loss.  Recently,  comparisons  have 
been  made  of  the  transmission  loss  with  and 
without  the  effects  of  bottom  elasticity."*  The 
differences  are  considerable,  and  it  was  con¬ 
cluded  that  bottom  elasticity  must  be  accounted 
for,  particularly  when  the  signal  is  to  be 
coherently  detected,  e.g.,  replica  correlation. 

In  this  article,  results  from  the  normal-mode 
sound  transmission  loss  model  are  compared 
with  experimental  measurements  in  a  model 
tank.’’  This  comparison  against  measurements 
taken  in  a  controlled  environment  serves  as 
convincing  evidence  that  the  normal-mode 
model,  including  bottom  elasticity,  is  a  viable 
approach  in  modeling  propagation  in  shallow 
water. 

Theory 

Performance  evaluation  of  an  active  or 
passive  sonar  system  requires  the  accurate 
prediction  of  the  propagation  behavior  of  the 
signal  in  the  desired  ocean  environment.  In 
coastal  waters,  the  ocean  floor  has  a  slope  that 
complicates  transmission  loss  computation. 
Since  comparisons  will  be  made  with 
laboratory  measurements  in  a  flat-bottom  en¬ 
vironment,  only  range-independent  computa¬ 
tions  are  displayed  in  this  article.  Laboratory 
measurements  with  a  sloping  bottom  are  under 
way.  and  comparisons  against  the  range- 
dependent  model  will  be  covered  in  a  future 
article.  Arvelo  and  Uberall  describe  the  range- 
dependent  normal-mode  model."* 

Transmission  loss  could  be  coherently  or 
incoherently  computed.  The  coherent  transmis¬ 
sion  loss  as  a  function  of  the  receiver’s 
horizontal  range  and  depth  is  given  by, 

TL,(r.z)  =  (1) 

20  log,o(Ti  q{7.]  I  i  Un(z„)  u„(z)  Hj,’l(knr)  |  ) 

n  =  1 

where  c(z)  is  the  water  density  at  the  receiver’s 
depth,  Up(z„)  are  the  N  complex  eigenfunctions 


at  the  source’s  depth,  Ujj(z)  are  the  N  complex 
eigenfunctions  at  the  receiver’s  depth,  r  is  the 
horizontal  range  between  the  source  and  the 
receiver,  Hj,**{k„r)  is  the  zero  order  complex 
Hankel  function  of  the  first  kind,  and  k^  are 
the  N  complex  eigenvalues  representing  the 
water  column.  The  coherent  transmission  loss 
accounts  for  the  constructive  and  destructive 
interference  of  the  direct-path  signal  with  the 
multipath  arrivals  in  the  water  column. 

The  incoherent  transmission  loss  is  given  by 

TLi(r.z)  =  ^  (2) 

10  log,(,|n2  X  I  ujz)  H[,*'(knr)  ], 

n  =  l 

where  the  phase  of  the  signal  is  ignored  to  pro¬ 
vide  a  smoother  transmission  loss  curve  versus 
range  and  depth.  The  eigenvalues  and  eigen¬ 
functions  satisfy  the  differential  equation, 

[fc  **n(^)  = 

where  n  =  1,2,...,N  is  the  mode  index,  and  k(z) 
=  cv  /  c(z)  is  the  depth-dependent  wave 
number. 

The  range-independent  water  column  (Figure 
1)  is  modeled  as  J-1  water  layers  with  a  wave 
number  squared  linear  in  depth  in  order  to 
obtain  Airy  functions®  as  the  solutions  of  Equa¬ 
tion  (3).  If  a  layer  has  a  constant  sound  speed, 
then  the  wave  number  is  constant  and  the  solu¬ 
tions  to  Equation  (3)  are  sines  and  cosines.  The 
elastic  layers  have  constant  acoustic  properties 
and  the  last  layer  is  semi-infinite.  The  complex 
eigenvalues  are  determined  by  using  the 
Levenberg-Marquardt  minimization  algorithm' 
and  an  up-layer  matching  technique®  within  the 
appropriate  boundary  conditions  at  the  inter¬ 
face  between  layers.  After  the  eigenvalues  are 
determined,  their  respective  eigenfunctions  are 
found  using  the  down-layer  matching  and  pro¬ 
pagating  algorithm.® 

Results 

A  three-layer  scaled  model  tank  was  con¬ 
structed  by  Glegg®  simulating  a  shallow-w'ater 
column  with  a  surficial  sediment  overlaying  a 
harder  substrate  rock.  An  epoxy  resin  was 
chosen  to  simulate  the  bottom  sediment 
because  of  its  acoustic  properties  and  the 
ability  to  reduce  air  entrapment  and 
inhomogeneities.  The  substrate  was  made  out 
of  concrete  for  its  acoustic  properties,  which 
are  similar  to  those  of  limestone.  Measurements 
were  taken  of  some  acoustic  properties  of  the 
epoxy  resin. 

The  density  of  the  epoxy  is  1.03  gm/cc,  the 
compressional  sound  speed  is  2450  m/s,  and 
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Figure  1.  The  range- 
independent  ocean  wave¬ 
guide  is  divided  into 
horizontal  layers  representing 
the  water  column  and 
the  elastic  bottom 
sediments. 


the  shear  sound  speed  is  1120  m/s.  The  com- 
pressional  and  shear  attenuation  coefficients 
were  not  measured;  therefore,  they  must  be 
obtained  by  other  means.  Hartmann'**  used 
2-MHz  ultrasonic  pulses  to  measure  the  sound 
speeds  and  attenuation  coefficients  of  cross- 
linked  epoxies  at  a  temperature  of  20°C.  A 
significant  correlation  between  the  absorption 
and  the  sound  speeds  has  been  found,  hence 
making  it  possible  to  estimate  the  attenuation 
coefficients  based  on  their  respective  measured 
sound  speeds.  Figure  2  displays  the  correlation 
between  the  compressional  properties  of  eight 
mixtures  of  epoxy.  The  average  error  of  the 
linear  fit  relative  to  the  measured  properties  is 
less  than  one  decibel.  With  a  measured  com¬ 
pressional  sound  speed  of  2450  m/s,  the 
136  estimated  absorption  is  about  10.0  ±  1.0  dB/cm 
at  2  MHz,  which  is  scaled  to  an  attenuation  of 
0.5  ±  0.05  dB/KHz-m  (1.2  ±  0.12  dB/A).  Figure 
3  shows  the  relationship  of  the  shear  properties 
among  the  eight  mixtures  of  epoxy.  The 
average  error  of  the  linear  fit  relative  to  the 
measured  properties  is  about  five  decibels; 


the  correlation  of  the  shear  properties  is  not  as 
good  as  that  of  the  compressional  properties 
because  shear  properties  are  more  difficult  to 
measure.  If  the  measured  shear  sound  speed  is 
1120  m/s,  then  the  estimated  absorption  is 
about  40.0  ±  5.0  dB/cm  at  2  MHz,  or  2.0  ± 

0.25  dB/KHz-m  (2.2  ±  0.28  dB/A).  Even  though 
the  estimated  attenuation  coefficients  of  the 
epoxy  involve  some  uncertainty,  a  quick  sen¬ 
sitivity  analysis  showed  that  a  10  percent  varia¬ 
tion  in  either  attenuation  coefficient  contributes 
to  less  than  a  one-decibel  variation  in  the 
estimated  transmission  loss. 

Because  the  acoustic  properties  of  concrete 
could  not  be  measured  with  great  accuracy, 
they  were  estimated  based  on  the  average  pro¬ 
perties  of  limestone.  Its  density  is  2.3  gm/cc,  its 
compressional  sound  speed  is  3300  m/s,  its 
compressional  absorption  is  0.02  dB/KHz-m,  its 
shear  sound  speed  is  2100  m/s,  and  its  shear 
absorption  is  2  dB/KHz-m. 

The  water  column  has  an  average  sound 
speed  of  1510  m/s  and  a  density  of  1  gm/cc. 
This  water  column  is  15  cm  thick,  and 
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Figure  2.  Relationship  between 
the  compressional  properties  of 
eight  cross-linked  epoxies  at 
2  MHz. 


Figure  3.  Relationship  of 
shear  properties  among 
the  eight  cross-linked 
epoxies  at  2  MHz. 


the  epoxy  layer  is  5.8  cm  thick,  as  shown  in 
Figure  4.  Measurements  were  made  with  short 
pulses  to  ensure  that  reflections  from  the  walls 
were  negligible.  The  source  is  located  at  5  cm 
deep,  and  measurements  were  taken  at  ranges 
from  1.0  to  2.2  meters  in  increments  of  0.2 
meter.  More  detailed  range  measurements 
could  not  be  taken  due  to  physical  limitations 
of  the  model  tank. 

Figure  5  displays  the  calculated  coherent 
transmission  loss  curve  against  the 
measurements  at  30  KHz.  Note  that  the 
measurements  follow  the  same  shape  of  the 
calculated  curve,  and  the  average  error  of  the 
estimated  curve  relative  to  the  measurements  is 
2.0  dB.  The  25-KHz  transmission  loss  curve  is 
given  in  Figure  6.  The  transmission  loss  is 
slightly  overestimated  by  the  normal-mode 


model.  This  could  be  corrected  by  decreasing 
the  attenuation  coefficients  of  the  epoxy  resin 
in  the  input  parameters  of  the  computer  model, 
but  the  average  error  of  the  estimated  curve 
relative  to  the  measurements  is  1.7  dB,  and 
errors  less  than  3  dB  are  bearable.  Figure  7 
compares  the  transmission  loss  at  20  KHz. 
Again,  the  measured  values  follow  the 
calculated  curve  very  closely,  even  though 
some  overestimation  is  apparent.  The  average 
error  of  this  estimated  curve  relative  to  the 
measurements  is  1.3  dB.  It  has  been  observed 
that  the  effect  of  the  concrete  substrate  is 
negligible  in  the  calculated  transmission  loss  at 
frequencies  of  20,  25,  and  30  KHz.  Trans¬ 
mission  loss  calculations  with  and  without  the 
substrate  at  15  KHz  show  that  the  substrate 
does  affect  the  sound  propagation  at  this 
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C  =  1510m/s 
Rho  =  1.0gm/cc 
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Ac  =  0.5dB/kHz-m 

S  =  1120m/s  Epoxy  Sediment 

As  =  2.0dB/kHz-m 

Rho  =  1.03gm/cc 


Concrete  Substrate 


Figure  4.  Unsealed  model 
of  the  tank  with  the 
estimated  acoustic 
properties. 


C  =  3300m/s 
Ac=0.02dB/kHz-m 
S  =  2100m/s 
As=0.07dB/kHz-m 
Rho=2.3gm/cc 
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Figure  6.  Comparison  of 
transmission  loss  for  a 
frequency  of  25  kHz. 
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Figure  7.  Comparison  of 
transmission  loss  for 
a  frequency  of 
20  kHz. 


frequency.  Figure  8  displays  the  calculated 
transmission  loss  with  the  effect  of  the 
concrete  substrate.  The  normal-mode  model 
still  overestimates  the  transmission  loss  and  its 
error  increases  with  range.  Two  causes  of  this 
error  are  possible.  The  first  possibility  is  that 
the  estimated  acoustic  properties  of  the  con¬ 
crete  substrate  are  completely  erroneous.  What 
makes  this  possible  is  that  the  concrete  does 
not  affect  the  sound  propagation  at  higher  fre¬ 
quencies.  The  second  possibility  is  that  the 
normal-mode  model  does  not  account  for  the 
liquid-solid  surface  wave,  and  its  effect 
becomes  considerable  at  frequencies  near  the 
cut-off  frequency. An  effort  to  incorporate  the 
surface  wave  is  currently  under  way. 

The  total  number  of  normal  modes  has  been 
found  to  be  given  by 

N  ^  INT(2  f  D  /  C).  (4) 

where  f  is  the  frequency  in  Hertz,  D  is  the 
depth  of  the  water  column,  and  C  is  the 


minimum  sound  speed  in  the  water  column. 
This  rule-of-thumb  equation  includes  trapped 
and  radiating  modes:  it  neglects  the  bottom 
composition,  and  its  accuracy  increases  with 
an  increasing  number  of  normal  modes. 

As  the  number  of  modes  increases  with 
increasing  frequency  or  bottom  depth,  the  re¬ 
quired  computer  time  and  memory  also 
increase.  However,  it  is  not  necessary  to 
account  for  all  the  modes  to  arrive  at  an 
accurate  transmission  loss  prediction.  Figure  9 
displays  the  238  normalized  eigenvalues  on  the 
complex  plane  for  a  frequency  of  1.2  MHz  in 
the  same  waveguide  as  shown  in  Figure  4.  The 
fundamental  mode  is  labeled  #1,  and  the 
minima  at  the  mode  labeled  #184  represents  the 
threshold  between  the  trapped  and  radiating 
modes.  Modes  with  a  larger  imaginary  compo¬ 
nent  in  their  respective  eigenvalues  contribute 
less  to  the  total  transmission  loss  because  their 
energy  is  absorbed  faster  as  they  propagate  in 
range.  Figure  10  shows  the  convergence  of  the 


Figure  8.  Comparison  of 
transmission  loss  for  a 
frequency  of  15  kHz. 
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transmission  loss  as  the  contribution  of  each 
normal  mode  is  added  to  the  calculation.  The 
receiver  is  10  cm  deep  at  a  horizontal  range  of 
one  meter  from  the  source.  An  error  smaller 
than  one  decibel  is  anticipated  if  the  first  85 
modes  are  used.  This  corresponds  to  neglecting 
all  eigenvalues  with  an  imaginary  part  greater 


are  encountered  in  this  one-way  transmission 
loss  plot.  By  the  same  token,  the  transmission 
loss  of  broadband  signals  or  transients  can  be 
predicted  by  computing  the  transmission  loss 
for  each  frequency  component  of  the  signal. 


Figure  9.  Eigenvalues  in  the 
complex  K-plane  for  a 
frequency  of  1.2  MHz  and 
a  horizontal  range  of  one 
meter. 


than  0.001  (Figure  11).  Using  just  85  out  of  the 
total  238  modes  represents  a  64  percent  reduc¬ 
tion  of  computer  time.  Hence,  accurate 
transmission  loss  at  higher  frequencies  can  be 
obtained  with  the  normal-mode  model. 

Determining  the  optimum  frequency  for  the 
active  detection  of  a  target  in  a  known  environ¬ 
ment  is  a  common  problem.  Figure  11  is  the 
calculated  one-way  transmission  loss  as  a 
function  of  frequency  for  the  same  waveguide 
in  Figure  4.  Pulses  with  a  center  frequency  at 
about  53  KHz  will  propagate  further  than  other 
nearby  frequencies.  Differences  of  up  to  15  dB 


Conclusions 

Measurements  from  a  model  tank  experiment 
have  been  used  to  validate  the  accuracy  of  the 
NAVSWC  normal-mode  propagation  model  in  a 
range-independent  environment  with  an  elastic 
bottom.  Very  good  agreement  was  encountered 
at  frequencies  much  greater  than  the  cut-off 
frequency  of  the  waveguide.  Some  disagree¬ 
ment  was  found  at  frequencies  near  the  cut-off 
frequency:  it  is  suspected  that  the  interface 
wave  plays  a  significant  role  in  the  propagation 
of  VLF  sound,  and  it  must  be  included  in  the 
computations. 


Figure  10.  Convergence  of 
the  transmission  loss  for 
a  frequency  of  1.2  MHz  and 
a  horizontal  range  of  one 
meter. 
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Figure  11.  The  transmission 
loss  versus  frequency  for 
a  source  depth  of  5  cm,  a 
receiver  depth  of  10  cm, 
and  horizontal  range  of 
one  meter. 


It  was  also  shown  that  in  high  frequency  or 
deep  water  cases,  where  the  number  of  modes 
increases  linearly,  it  is  not  necessary  to  use  all 
the  normal  modes  due  to  the  convergence 
nature  of  the  transmission  loss  equations. 

Measurements  in  a  model  tank  with  a  sloping 
elastic  bottom  are  under  way.  Comparisons 
against  predictions  from  the  range-dependent 
normal  mode  model  will  be  published  in  a 
future  article. 
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A  Neural  Network  for  Passive  Acoustic 
Discrimination  between  Surface  and 
Submarine  Targets 

Robert  H.  Boron 


This  concerns  the  use  of  a  neural  network  for  classifying 
acoustic  noise  emitted  by  ships  in  transit  past  an  omnidirectional 
hydrophone.  Relatively  noisy  surface  ships,  moving  rapidly  at 
medium  to  long  range,  radiate  noise  which  superficially 
resembles  that  of  quieter  submarines,  moving  more  slowly  and 
closer  to  the  listening  device.  The  proposed  solution  features  a 
three-layer  neural  network  in  which  the  inputs  represent  the 
evolution  of  spectral  density  through  time.  The  outputs  indicate 
which  target  type  (if  any)  is  present.  The  network  maps  inputs  to 
outputs  by  propagating  signals  forward  through  a  “hidden  layer" 
of  neuron-like  units.  Errors  at  the  output  are  propagated 
backward  as  incremental  changes  in  the  strengths  of  the  connec¬ 
tions  to  the  hidden  units.  Because  the  number  of  target  types 
and  encounter  geometries  is  far  greater  than  could  possibly  be 
covered  in  any  representative  woy  by  a  training  set  comprising 
real-world  data,  the  task  is  to  connect  the  network  to  a  digital 
simulator  and  to  show  that,  by  training  on  the  output  of  the 
simulator,  the  neural  network  can  leorn  to  pass  realistic  tests. 

This  article  describes  a  neural  network  design-and-testing  exer¬ 
cise  based  on  a  simple  model  that  captures  the  salient  features 
of  the  problem.  The  fact  that  the  network  attained  greater  than 
90  percent  classification  accuracy  provides  encouragement  for 
further  work  along  these  lines. 

Introduction 

Recent  advances  in  integrated  circuits  have  brought  us  parallel  computers 
with  hundreds  of  microprocessors  in  a  single  package.  These  advances  give 
rise  to  computational  models  that  support  massive  parallelism  in  a  natural 
way.  Neural  computing  aims  at  achieving  human-like  performance  in  com¬ 
puter  systems  by  developing  an  analogy  to  the  structure  and  operation  of 
the  central  nervous  system.  Computations  are  executed  by  simple,  neuron¬ 
like  processing  units  which  are  densely  interconnected  by  “synaptic”  links 
of  variable  strength  (or  weight).  The  resurgence  of  interest  (since  about 
1982)  in  these  “connectionist  models”  is  due  to  the  inadequacy  of 
algorithm-driven  computing  and  symbolic  artificial  intelligence  (AI)  ap¬ 
proaches  in  dealing  with  real-world  problems,  such  as  speech  processing 
and  machine  vision.  Invariant  pattern  recognition— the  ability  to  recognize 
an  object  in  spite  of  various  transformations  and  obscuring  influences — 
comes  easily  to  our  central  nervous  system.  Thus,  our  eyes  quickly  focus  on 
key  objects  in  a  complex  image,  and  speech  is  understandable  to  us  ir¬ 
respective  of  the  tonal  qualities  and  accent  of  the  speaker. 

The  application  of  neural-network  technology  to  automatic  target  recogni¬ 
tion  (ATR)  is  motivated  by  the  need  for  this  kind  of  perceptual  generaliza¬ 
tion.  Of  the  many  practical  problems  in  defense  electronics  that  have  been 
addressed  by  neural  network  solutions  in  the  last  few  years,  close  to  half 
have  been  aimed  at  improved  ATR,  which  involves  the  extraction  of  critical 
information  from  complex  and  uncertain  data.  Roth'  has  written  a  survey 
of  neural-network  technology  for  ATR  for  systems  that  employ  visual  or 
infrared  sensors. 
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This  article  describes  a  feed-forward  neural 
network  for  classifying  acoustic  signals  emitted 
by  ships  in  transit  by  an  omnidirectional 
hydrophone.  Relatively  noisy  surface  ships, 
moving  rapidly  at  medium  to  long  range,  emit 
signals  which  superficially  resemble  those  of 
quieter  submarines,  moving  more  slowly  and 
closer  to  the  listening  device.  This  range-speed 
ambiguity  makes  discrimination  between  sur¬ 
face  ships  and  submarines  a  hard  practical 
problem  that  has  resisted  satisfactory  treatment 
by  conventional  methods.  The  solution  will  rely 
on  the  fact  that  different  types  of  targets  can  be 
distinguished  by  their  radiated  noise  spectra. 
The  complexity  of  the  modeling  required  to 
characterize  fully  the  acoustic  signatures  of  sur¬ 
face  and  submarine  targets  is  exceeded  only  by 
the  difficulty  of  translating  such  models  into 
algorithms  for  real-time  discrimination.  Neural 
networks  provide  an  alternative  to  the  tradi¬ 
tional  algorithmic  approach.  Given  a  com¬ 
prehensive  training  set  consisting  of  typical 
target  signatures  and  the  encounter  parameters 
that  generated  them,  a  suitable  neural  network 
can  learn  to  associate  encounter  parameters 
with  the  inputs  in  real  time. 

The  neural  network  approach  is  motivated  by 
analogy  to  the  sonar  classifier  (Figure  1)  of 
Gorman  and  Sejnowski  and  noted  in  the 
history  discussion.  The  present  problem  can  be 
solved  by  a  similar  network  architecture,  with 
the  outputs  indicating  which  target  type  (if  any) 
is  present.  The  inputs  represent  spectral 
densities  computed  for  each  of  a  number  of 
time  lags.  One  of  the  strengths  of  neural  net¬ 
work  pattern  recognizers  is  their  ability  to 
learn  by  example  from  training  sets  comprising 
real-world  data.  In  the  real  world,  however,  the 
data  may  be  costly  to  obtain  and  widely 
distributed  across  a  number  of  carefully 
guarded  data  bases.  It  makes  sense  to  test  and 
debug  a  software  model  on  an  unclassified  data 
base  and  to  show  that  its  performance  is  com¬ 
petitive  with  the  optimal  solutions  prescribed 
by  classical  signal  processing  theory  before 
using  classified  information  to  develop  a  train¬ 
ing  set.  Moreover,  classified  data  acquisition 
was  sometimes  driven  by  constraints  and 
priorities  that  translate  into  a  training  set  that 
is  not  truly  representative  of  the  operational 
environment.  Dividing  the  data  into  subsets, 
one  for  training  and  one  for  testing,  the  analyst 
still  has  no  way  to  gauge  how  effectively  the 
trained  network  will  generalize  beyond  the 
horizons  of  the  data. 


A  Brief  History  of  Neural  Nets 

The  neural  network  technology  of  today 
is  based  largely  on  the  neuroscience  of  the 
1940s.  The  classical  neuron  doctrine 
developed  quickly,  following 
Ramon  and  Cajal’s  discovery  of  the 
neuron  using  the  light  microscope  (around 
1890).  The  classical  neuron  integrates  the 
pre-synaptic  activity  of  all  the  neurons 
influencing  it,  sending  information  in  the 
form  of  electrical  impulses  down  the  one¬ 
way  path  formed  by  its  axon.  It  took 
another  fifty  years  to  transcribe  the  con¬ 
cepts  into  mathematical  terms.  McCulloch 
and  Pitts,^  in  1943,  simplified  the  neuron 
to  an  on/off  device,  either  firing  impulses 
at  its  peak  rate  or  resting  quietly.  In  1948, 
Hebb^  theorized  that  synaptic  weights  are 
modified  by  a  reinforcement  control  pro¬ 
cedure,  and  he  argued  that  synaptic 
modification  constituted  the  microscopic, 
physiological  basis  of  adaptation,  learning, 
and  behavioral  organization. 

By  1954,  digital  computers  had  been 
brought  to  bear  on  the  problems  of  brain 
modeling  because  the  mathematical 
models  involved  large  numbers  of 
variables  and  their  nonlinear  interactions. 
If  “intelligent”  behavior  was  going  to 
emerge  from  networks  of  McCulloch-Pitts 
neurons  with  Hebbian  synapses,  it  would 
have  to  be  discovered  by  computer  simula¬ 
tion.  No  one  carried  this  idea  so  far,  so 
fast  as  Frank  Rosenblatt,  whose 
discoveries  were  summarized  in  1961.'*'^ 
Rosenblatt  called  his  neural  networks 
“perceptrons”  and  tested  them  for 
evidence  of  perceptual  generalization.  For 
example,  a  network  trained  to  recognize 
the  letter  “A”  on  the  top  part  of  a  grid¬ 
like  retina  spontaneously  recognizes  “A" 
on  the  lower  half.  The  first  300  pages  of 
Rosenblatt’s  report  were  devoted  to  three- 
layer,  series-coupled  perceptrons  of  the 
kind  that  will  be  described  here  in  subse¬ 
quent  sections. 

In  1969,  M.  Minsky  and  S.  Papert 
authored  a  book,  Perceptrons,  which  is 
widely  regarded  as  having  had  a  chilling 
effect  on  the  subject.  Minsky,  in  the  third 
(1988)  edition,®  recalls  that  perceptron 
research  and  development  had  already 
reached  a  dead  end.  The  revival  of 
perceptron-like  models  in  the  1980s  was 
caused  primarily  by  the  widespread 

(Continued) 
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perception  that  symbolic  AI  had  reached  a 
plateau,  and  by  the  availability  of  cheaper, 
faster  computers  with  large  amounts  of 
random-access  memory  to  store  the  synap¬ 
tic  weights  of  large  networks.  The  connec- 
tionist  models  of  the  1980s  also  overcame 
some  of  the  limitations  attributed  to  the 
Minsky-Papert  perceptron.  David 
Rumelhart”  and  the  PDP  Research  Group 
emphasized  the  importance  of  having  a 
“hidden  layer”  of  neuron-like  units  sand¬ 
wiched  between  the  input  and  output 
layers  of  the  network.  Their  “powerful 
new  result”  that  drove  the  progress  of 
artificial  neural  nets  in  the  late  1980s  was 
an  algorithm  called  back-propagation, 
which  permits  three-layer  networks  to 
learn  internal  representations  of  data  sets 
and  sources  for  which  no  mathematical 
model  can  be  written  down  to  specify  the 
correct  responses  to  given  inputs.  Instead, 
the  neural  network  learns  by  example  in 
the  course  of  many  passes  through  a  train¬ 
ing  set. 

Gorman  and  Sejnowski®  used  a  neural 
network  for  the  classification  of  active 
sonar  returns  from  two  undersea  objects, 
a  metal  cylinder  and  a  similarly  shaped 
rock.  In  their  report,  “metal  cylinder”  was 
transcribed  a  “mine.”  The  inputs 
represented  the  spectrum  levels  derived 
from  a  lofargram  of  the  echoes,  and  the 
two  output  units  registered  the  classifica¬ 
tion.  (See  Figure  1.)  Actual  field  test  data 
was  used  to  create  the  training  set,  con¬ 
sisting  of  input/output  pairs  from  which 
the  network  was  able  to  learn  to 
discriminate  between  the  two  kinds  of 
echoes.  Errors  at  the  output  were  pro¬ 
pagated  back  to  the  hidden  layer.  The 
Rumelhart/PDP  back-propagation  tech¬ 
nique  provided  the  formulas  for  modifying 
the  weights  in  a  way  that  resists  and  even¬ 
tually  corrects  the  errors.  After  the  net¬ 
work  had  learned  the  elements  of  the 
training  set,  it  showed  the  ability  to 
generalize  by  classifying,  with  better  than 
95  percent  accuracy,  the  remaining  echoes 
in  the  whole  data  base  from  which  the 
training  set  had  been  acquired.  This  and 
many  other  demonstrations  testify  to  the 
power  of  back-propagation,  which  has 
driven  the  great  majority  of  neural  net¬ 
work  applications  to  date. 
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Figure  1.  Schematic  diagram  of  the  sonar 
classifier  network  of  Gorman  and  Sejnowski 
(1988).  The  bottom  layer  has  60  units  with  their 
states  clamped  to  the  amplitude  of  the 
preprocessed  signal,  shown  in  analog  form 
below  the  input  layer.  Two  output  units  at  the 
top  represent  the  two  sonar  targets  to  be  iden¬ 
tified.  The  hidden  layer  allows  the  network  to 
extract  high-order  signal  features.  The  connec¬ 
tions  between  th,?  layers  of  units  are 
represented  by  arrows. 


Therefore,  the  task  is  to  connect  the  network 
to  a  high  fidelity,  model-based  digital  simulator 
and  to  show  that,  by  training  on  the  output  of 
the  simulator,  the  neural  network  can  learn  to 
pass  realistic  tests.  This  approach  was  il¬ 
lustrated  by  Baran^'^°  in  constructing  a  pattern 
set  for  configuring  a  symmetric  (Hopfield)  net¬ 
work  to  classify  targets  using  a  different  set  of 
sensors  and  classification  criteria.  The  present 
case  is  different  by  virtue  of  the  technical  com¬ 
plexity  and  procedural  difficulties  that  stand  in 
the  way  of  designing  the  simulation  to  achieve 
the  highest  possible  fidelity.  This  article 
describes  a  neural  network  design-and-testing 
exercise  based  on  a  simple  model  that  captures 
the  salient  features  of  the  problem.  Lessons 
learned  in  this  exercise  will  bring  the  practical 
problem  into  sharper  focus. 
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Modeling  and  Simulation 

The  target  is  modeled  as  an  acoustic  point 
source  that  radiates  with  the  same  intensity  in 
every  direction.  Spherical  spreading  reduces 
the  intensity  as  the  sound  travels  from  the 
source  to  the  listening  hydrophone,  and  absorp¬ 
tion  selectively  attenuates  the  higher  frequency 
components  of  the  radiated  noise.  Ignoring  the 
many  effects  that  would  have  to  be  accounted 
for  in  a  realistic  propagation  model— like  sur¬ 
face  reflection,  bottom  bounce,  doppler  shift, 
and  an  angular  dependence  of  the  target’s 
acoustic  emissions— the  target  signature 
depends  on  the  source  level  and  on  the 
straight-line  path  followed  by  the  source 
through  the  proximity  of  the  listening  device. 
The  target  signature  model  follows  the  evolu¬ 
tion  of  the  sound  intensity  through  time  t, 
which  is  relative  to  the  time  of  closest  ap¬ 
proach,  when  the  separation  between  the 
source  and  the  listening  device  is  at  a 
minimum.  The  target  signature  is  a  symmetric, 
bell-shaped  curve,  the  shape  of  which  is  deter¬ 
mined  by  the  encounter  parameters,  namely  the 
closest  point  of  approach  (c.p.a.)  distance,  the 
source  intensity,  and  the  target’s  velocity.  (See 
Figure  2.) 


Figure  2.  Sound  intensity  (in  arbitrary  units) 
versus  time  for  four  point  targets  with 
indicated  parameters  and  common  closest  point 
of  approach  distance  Rq  =  400  meters. 
Velocities  (V)  are  in  m/sec. 


Elements  of  the  Model 

Begin  with  a  point  source  that  radiates 
correlated  Gaussian  noise  with  the  same 
intensity  in  every  direction.  The  intensity 
at  one  meter  from  the  source  is  Si. 
Spherical  spreading  reduces  the  intensity 
to 

S(R)  =  Si/4hR2  (1) 

at  range  R  (meters)  from  the  source.  Let  H 
and  D  be  the  horizontal  and  vertical 
distances,  respectively,  at  time  t  =  0.  The 
separation  distance  at  time  t  is 

R2(t)  =  (Vt)2  +  -t-  D^. 

In  particular,  the  range  at  t  =  0,  at  the 
point  of  closest  approach,  is 

Ro  =  (H^  +  D^]'\  (2) 

The  target  signature. 


m(t)  =  S(R(t))  (3) 

=  [SiMhR^o  ]/[V/Ro)2t2  +  1], 

is  obtained  by  substituting  Equation  (2)  in 
Equation  (1)  and  dividing  through  by 
4nRQ.  The  target  signatures  produced  by 
this  equation  are  symmetrical,  bell-shaped 
curves  with  peak  height 

P  =  S(R(0)) 

=  Si/4nR2. 

The  signature  width,  which  describes  the 
duration  of  the  encounter,  is  controlled  by 
the  parameter 

q  =  (V/Ro)' 

which  appears  in  the  denominator  of  the 
expression  (3)  for  m(t).  Figure  2  shows 
four  examples  of  target  signatures  com¬ 
puted  with  closest  point  of  approach 
(c.p.a.)  distance  Rq  =  400m. 


Relatively  noisy  surface  ships,  moving  rapidly 
at  medium  to  long  range,  emit  signals  which 
superficially  resemble  those  of  quieter  sub¬ 
marines,  moving  more  slowly  and  closer  to  the 
origin.  Different  kinds  of  encounters  can  look 
the  same  to  a  target  recognizer  that  bases  its 


decisions  on  the  temporal  variation  of  sound 
intensity  in  a  fixed  frequency  band.  This  range- 
speed  ambiguity  can  be  resolved  by  listening  to 
the  target  through  filters  tuned  to  several 
different  frequency  bands.  The  frequency 
dependence  of  radiated  noise  power  can  be 
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used  to  “fingerprint”  different  ship  classes.  In 
the  simplest  case,  a  particular  type  of  ship 
might  be  identified  by  certain  spectral  lines.  It 
can  be  noted  here  that  surface  ships  and  subs 
are  different  by  virtue  of  the  latter  being  much 
quieter.  Regardless  of  target  type,  the  radiated 
noise  power  tends  to  decline  as  frequency 
increases  between  the  nominal  limits  of  100  Hz 
(fj)  and  10  KHz  (fh),  and  the  source  levels 
increase  with  speed  across  the  whole  spectrum. 

These  obvious  features  were  incorporated 
into  a  source  model  in  which  the  radiated 
noise  power,  in  decibels  (dB),  is  a  linear  func¬ 
tion  of  the  logarithm  of  the  frequency,  as 
shown  in  Figure  3.  The  linear  model  has  three 


estimation  technique  which  fits  a  straight  line 
in  the  frequency  domain  to  the  hydrophone 
measurements,  a  target  classifier  can  base  its 
decision  on  whether  the  roll-off  rate  is  closer  to 
10  dB/decade  (for  the  sub)  or  15  dB/decade  (for 
the  surface  ship).  Having  made  this  decision,  it 
resolves  the  range  of  the  target  by  comparing 
the  evolution  of  the  observed  intensity  to  the 
known  intensity  (Si)  at  the  source. 

There  may  be  more  powerful  algorithms  of 
solving  the  problem,  but  their  application  to 
real-time  signal  processing  could  become  more 
difficult  as  the  source  spectra  are  modeled  with 
increasing  sophistication  and  detail.  The  next 
sections  will  describe  the  design  of  a  neural 


Figure  3(a).  Using  the  linear  model  (developed 
below),  surface  and  submarine  targets  sound 
the  same  except  for  an  overall  quieting  of  the 
latter,  which  becomes  slightly  more  pro¬ 
nounced  as  speed  increases. 


Figure  3(b).  Increasing  the  roll-off  rate  (ci)  of 
the  surface  target’s  radiated  noise  power  from 
10  to  15  dB/decade  makes  it  possible  to 
discriminate  it  from  the  nominal  submarine 
target  [cz  =  10  dB/decade). 


parameters:  (a)  the  peak  intensity,  which  is 
measured  at  100  Hz;  (b)  a  rate  of  increase  in 
radiated  noise  power  with  the  ship’s  velocity; 
and  (c)  a  roll-off  rate  that  describes  the  reduc¬ 
tion  in  radiated  power  with  increasing  fre¬ 
quency.  In  Figure  3(a)  the  roll-off  rates  of  the 
surface  and  submarine  targets  are  equal,  at  10 
dB/decade.  The  two  target  types  are 
differentiated  mainly  by  across-the-spectrum 
disparity  in  source  levels.  It  is  not  possible  to 
tell  the  difference  between  them  without  some 
independent  estimate  of  one  of  the  three 
natural  encounter  parameters  (S^,  Rq,  V).  Figure 
3(b).  on  the  other  hand,  compares  the  source 
levels  of  two  hypothetical  surface  targets  at  two 
different  velocities.  Increasing  the  roll-off  rate 
of  the  surface  target  to  (cj  =  15  dB/decade) 
makes  it  possible  to  discriminate  between  it 
and  the  submarine  target.  Given  a  spectral 


network  for  implicitly  solving  the  simultaneous 
nonlinear  equations  that  extract  the  target  type 
from  the  target  signature.  The  neural  network 
promises  to  be  robust  enough  to  learn  the 
distinguishing  features  of  realistic  spectra. 
Moreover,  the  fully  trained  network  is  ideally 
suited  to  real-time  detection  and  classification. 


Range-Speed  Ambiguity 

Relatively  noisy  surface  ships,  moving  rapidly 
at  medium  to  long  range,  emit  signals  which 
superficially  resemble  those  of  quieter  sub¬ 
marines,  moving  more  slowly  and  closer  to  the 
origin.  The  range-speed  ambiguity  is 
highlighted  by  rewriting  Equation  (3)  as 

m(t;  p,q)  =  p/(qt2  +  1), 
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a  scalar  function  of  time  which  is  parameter¬ 
ized  by  p  and  q.  Imagine  a  surface  ship  moving 
at  velocity  V(surf)  =  40m/sec  along  a  straight 
path  that  leads  to  a  c.p.a.  distance  of  Ro(surf) 

==  2000m.  The  q-parameter  for  this  encounter  is 
4  X  10'“*/sec^.  The  same  value  of  q  would 
result  from  an  encounter  with  a  submarine 
target  moving  at  V(suL)J  =  8m/sec  toward  a 
c.p.a.  at  Ro(sub)  =  400m.  The  p-parameters 
will  also  be  the  same  if 

Si{surf)/Rg(surf)  =  Si(sub)/RQ(sub), 

ie.,  if  the  source  level  corresponding  to  the  sub¬ 
marine  is  20tog[Ro(sub)/Ro{surf)]  =  -14  dB 
relative  to  that  of  the  surface  target.  Different 
kinds  of  encounters  can  look  the  same  to  a 
target  recognizer  which  bases  its  decisions  on 
the  temporal  variation  of  sound  intensity  in  a 
fixed  frequency  ha  To  account  for  the  spec¬ 
tral  distribution  oi  iiie  radiated  noises  from  dif¬ 
ferent  target  types,  let  S(f,l;i,V)  denote  the 
power  spectral  density  at  frequency  f  at  1 
meter  distance  from  a  point  source  type  i 
moving  at  constant  velocity  V.  The  type  index 
determines  the  source  spectrum.  If  i  =  1,  the 
point  source  radiates  noise  with  the 
characteristics  of  a  surface  ship.  Case  i  =  2  is 
a  submarine  target.  Later  on  it  will  be  conve¬ 
nient  to  denote  the  absence  of  any  target  by 
setting  i  =  0.  Let  the  source  model  be 

10  log  S(f.l;i.V)  =  (41 

ai  -t-  biV  -  Ci  log(f/f]).  fi  <  f  <  fh. 

where  the  type-specific  coefficients  a.  b,  and  c 
are  to  be  defined  and  fi  and  fh  are  low-  and 
high-frequency  cutoffs.  This  source  model  cap 
tures  two  of  the  most  obvious  features  of  ship 
acoustic  spectra.  With  reference  to  Figure  3. 
the  radiated  noise  power  increases  with  veloc¬ 
ity,  and  there  is  a  decreasing  trend  in  the 
spectrum  level  as  frequency  increases.  Figure 
3(a)  was  produced  with  the  source  level 
pal  .meters 

(a],  b],  Cj)  =  (160  dB,  1.5  dB/m/sec, 

10  dB/decade) 

and 

(32,  b2,  Co)  =  (130  dB,  1.0  dB/m/sec, 

10  dB/decade) 

with  low-  and  high-frequency  cutoffs  of  100  Hz 
and  10  KHz,  respectively.  The  target  types 


described  by  these  parameters  are  essentially 
indistinguishable,  since  their  spectra  are  the 
same  except  for  the  submarine  being  quieter 
over  the  whole  frequency  range  by  a  constant 
(velocity-dependent)  factor. 

Figure  3(b)  shows  two  surface  ship  spectra, 
the  first  obtained  with  the  same  parameters  (a-j, 
bj,  ci)  as  just  noted,  and  the  second  obtained 
with  a  different  roll-off  rate,  Ci  =  15  dB/decade. 
This  disparity  in  the  roll-off  rates  makes  it 
possible  to  discriminate  between  the  two  target 
types.  Let  S(f,R:i,V)  be  the  spectral  density  of 
the  type  i  source  at  speed  V  when  measured  at 
a  range  of  R  meters,  R  >  1.  Then  spherical 
spreading  gives 

S(f,R;i,V)  =  S(f,l;i,V)/4nR2 

as  in  Equation  (1).  Let  0  =  (i,V,RQ)  be  the  vec¬ 
tor  of  encounter  parameters.  Substituting  R(t) 
for  R  in  the  last  equation  gives  an  expression 
for  the  target  signature, 

m(f,t:6)  =  S(f,R(t):i,V)  (5) 

=  p(f)/(qt2  -f-  1), 

the  same  as  before  except  that 

p(f)  =  S(f,l;9)/4nR2 

is  now  a  function  of  frequency  (and  the  en¬ 
counter  parameters).  Note  that 

p(f)/q  =  S(f,l:e)/4nV2. 

Defining 

r  =  4Tfp(f)/q, 

so  that 

S(f.l:e)  =  rV2, 

we  can  equate  10log(rV2)  to  the  right  side  of 
equation  (4),  obtaining 

(»5) 

aj  bjV  -  Cj  log(f/fi)  =  lOlog(r)  +  20log(V). 

Given  a  way  of  fitting  a  signature  to  the  time 
history  of  the  spectral  density  at  f,  suitable 
estimates  p  and  q  can  be  used  to  estimate  f/4n 
=  p/q.  Finally,  f  is  substituted  for  r  in 
Equation  (6).  Taking  V  as  the  independent 
variable.  Equation  (6)  has  one  solution  for  each 
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target  type.  Figure  4  shows  how  these  solutions 
are  obtained  graphically.  It  assumes  a  type  1 
source  at  speed  V  =  10  m/sec  with  a  c.p.a. 
distance  of  2000m.  The  curve  is  described  by 
the  right  side  of  (6).  The  straight  lines  plot  the 
left  side  of  the  equation  for  each  target  type 
with  the  same  paramete’'s  as  those  used  in 
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Figure  4.  The  nonlinear  equation  (6)  has  one 
solution  for  each  target  type.  This  range-speed 
ambiguity  can  be  resolved  by  obtaining 
simultaneous  target  signatures  in  each  of 
several  frequency  bands. 


Figure  3(a).  The  concave  curve  intersects  both 
straight  lines  at  plausible  values  of  the  velocity 
corresponding  to  different  target  types  and 
c.p.a.  distances. 

The  ambiguity  can  be  resolved  by  repeating 
the  same  procedure  for  each  of  several  frequen¬ 
cies  subject  to  having  unequal  roll-off  rates  C] 
and  C  )-  Each  f  gives  rise  to  its  own  signature, 
and  hence  its  own  estimate  f.  When  the  correct 
target  type  is  assumed,  the  solution  to  every 
frequency-specific  instance  of  Equation  (6)  is 
the  same.  Assuming  the  wrong  target  type 
leads  to  conflicting  solutions. 


Network  Architecture  and  Training 

Virtually  every  neural  network  design  and 
training  exercise  begins  with  the  question  of 
data  representation.  In  the  present  case, 
acoustic  data  needs  to  be  represented  at  the 
input  of  the  neural  net.  The  success  of  the 
148  exercise  will  depend  on  choosing  a  data 


representation  sufficiently  detailed  to  convey 
the  essential  characteristics  of  the  target 
signature,  but  compact  enough  to  implement. 
The  number  of  inner  product  steps  (multiply- 
and-add  operations,  or  "interconnects,”  in 
neural  network  terminology)  required  to  map 
an  input  to  an  output  increases  as  the  product 
of  the  number  of  input  units  times  the  number 
of  hidden  units.  More  significantly,  the  time 
required  to  train  the  network  using  back- 
propagation  may  increase  rapidly  as  the  size  of 
the  network  grows. 

The  problem  of  invariant  pattern  recognition 
arises  in  the  present  context  v.'hen  we  ask  the 
network  to  generalize  by  attributing  a  target 
type  to  an  acoustic  input  which  reflects  the 
random  variability  of  the  encounter  and  its 
acoustic  environment.  Instead  of  associating  a 
spectral  “icon”  with  a  target-type  index,  the 
network  must  deal  with  a  time-varying  spectral 
density  (or  lofargram)  which  is  influenced  by 
the  ambient  noise  as  well  as  the  encounter 
parameters.  The  availability  of  cheap,  reliable 
devices  for  real-time  spectral-density  computa¬ 
tion  has  made  the  lofargram  a  kind  of  de  facto 
standard  for  neural  network  development  in 
the  realm  of  sonar  signal  processing.  Neural 
networks  have  been  trained  to  interpret 
lofargrams  in  a  variety  of  Navy-sponsored  pro¬ 
jects.  Typically,  the  analog  tapes  acquired  in  a 
field  test  are  digitized  and  played  through  real¬ 
time  Fourier  transformation  hardware.  The 
result  can  be  displayed  as  a  moving  succession 
of  color-coded  scan  lines.  Each  scan  line  will 
contain  hundreds  or  thousands  of  individual 
components.  Therefore,  the  lofargram  is  parti¬ 
tioned  into  rectangular  regions  (or  bins)  and 
the  spectrum  levels  in  each  region  are  aver¬ 
aged.  This  reduces  the  pattern  to  a  manageable 
size.  The  values  associated  with  the  bins  are 
then  used  as  inputs  to  a  trainable  neural  net¬ 
work  which  has  one  input  unit  for  each  bin. 

The  training  procedure  follows  a  shortcut 
from  the  target  signature  model  to  the  neural 
network  inputs.  Because  the  spectral  densities 
of  the  two  target  types  and  the  ambient  noise 
are  presumed  given  by  the  equations  that  pro¬ 
duced  Figure  3,  it  is  possible  to  simulate  the 
lofargrams  by  adding  random  fluctuations  to 
the  mean  levels  specified  by  the  model.  The 
addition  of  these  random  fluctuations  is 
accomplished  by  fairly  standard  Monte  Carlo 
methods  based  on  an  analysis  of  the  mean  and 
variance  of  the  excess  power  conditioned  on 
the  characteristics  of  the  encounter. 
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Preprocessing  and  Data 
Representation 

It  is  necessary  to  make  some  concrete 
assumptions  about  the  preprocessing  steps 
that  intervene  between  the  listening 
hydrophone  and  the  neural  network.  For 

each  t  =  1,  2 . L-1  we  have  a  block  of 

serial  data,  beginning  at  t-T/2  and  ending 
at  t  +  T/2,  T  <  1  unit  time.  Each  block  is  a 
segment  of  the  time  series  obtained  by 
sampling  and  digitizing  the  output  of  the 
hydrophone  at  a  rate  of  2B  samples  per 
unit  time.  If  2B  is  the  Nyquist  rate,  B  =  fj, 
is  the  bandwidth.  Each  block  then  con¬ 
tains  2BT  sampled  data  points.  The  blocks 
are  Fourier  transformed,  each  giving  rise 
to  a  t-dependent  power  spectral  density 
(PSD).  Each  of  the  BT  values  of  the  PSD  is 
exponentially  distributed  with  a  mean  of 
o2(f.t),  where  o  is  the  r.m.s.  noise”  and 
is  the  noise  power.  The  noise  power  has 
an  ambient  component,  Op{f),  and  a  target- 
generated  component  which  was  denoted 
m(f.t]  in  equation  (5).  Tlius 

o“(f,t)  =  a‘(fl  -)-  in(f,t) 

describes  the  time-  and  frequency- 
dependent  moan  value  of  the  PSD  compo¬ 
nent,  Dividing  through  by  the  ambient 
gives 

X(f,t)  =  1  -s  m(f,t)/o“(n, 

the  time-dependent  e.\'(;e,s.s  pou’er 
spectrum, 

It  is  not  generally  practical  to  drive  a 
neural  network  directly  vvith  the  lofargram 


data,  since  even  the  simplest  problems 
give  rise  to  X-arrays  with  hundreds  of 
thousands  of  elements.  Accordingly,  the 
array  X  is  partitioned  and  the  elements  of 
the  sub-arrays  are  summed  {or  averaged). 
Each  such  sum  is  assigned  to  one  of  the 
input  nodes  of  the  neural  network.  For 
example,  if  B  =  10  kHz,  T  =  1  sec.,  and  L 
=  10  time  slices,  we  have  BTL  =  10^ 
elements  in  the  array  X  with  ten  rows  and 
10,000  columns.  Let  the  frequencies  be 
lumped  into  bins  of  width  B/n,  indexed  by 
k,  as 

kB/n 

X|,(t)  =  1  X(f,t),  k  =  1,  2 .  n.  (7) 

f  =  |k-l)Bln 

With  B/n  =  3  we  have  (10  time  slices)(3 
bins/slice)  =  30  nodes  in  the  input  layer  of 
our  neural  network.  By  the  central  limit 
theorems,  the  distribution  of  Xi^ft)  is 
asymptotically  normal  with  a  mean  of 
p(k,t)  and  a  variance  of  A2(k,t)  where,  with 
some  approximations, 

p(k,t)/n  =  (8a) 

1  -t-  m([k-l]B/2n,t)/opl(k-l)B/2n)  and 

A(k,t)/n’''^  =  p(k,t)/n.  (8b) 

Setting  i  =  0  (no  target)  we  have  m  =  0. 
The  network  inputs  X)((t)/n  are  all 
normally  distributed  with  unit  mean  and 
variance  in  the  absence  of  any  target 
signature. 


Figure  5  shows  how  a  three-layer,  series- 
coupled  perceptron  was  trained  on  the  output 
of  a  simulation  based  on  the  model  previously 
described.  Following  the  creation  of  a  network 
with  random  initial  weights,  the  training  pro¬ 
cedure  marches  through  a  sequence  of  cycles. 
Each  cycle  follows  the  same  six  steps  (again 
with  reference  to  Figure  5): 

(1)  Generate  an  encounter  parameter  vector 
which  specifies  target  type,  c.p.a.  distance  (Rq), 
and  velocity  (V).  Let  Rq  and  V  be  uniformly 
distributed  between  appropriate  lower  and 
upper  bounds  (which  may  be  conditioned  on 
target  type).  The  target  type  index  is  zero  (i.e., 
no  target)  with  probability  1/2.  If  nonzero,  the 
type  is  1  (surface)  or  2  (sub)  equiprobably.  The 
type  index  determines  the  source  level 
parameters  in  Equation  (4). 


(2)  Compute  the  target  signature  from  the  en¬ 
counter  parameters  using  Equation  (5)  for  the 
time-  and  frequency-dependent  mean  value  of 
the  radiated  noise  power. 

(3)  Represent  the  target  signature  in  a  way 
that  can  be  input  to  the  neural  network, 
making  use  of  Equations  (8)  to  adjust  the 
computer-generated,  normal  random  variables 
that  simulate  the  excess  noise  power.  This 
guarantees  that  the  network  will  never  train  on 
the  same  input  more  than  once,  since  the  pro¬ 
bability  of  generating  the  same  30  random 
numbers  more  than  once  is  negligible. 

(4)  The  network  is  presented  with  30  inputs 
by  .subtracting  an  offset  from  each  of  the  30 
random  variables  generated  in  the  last  step. 
Since  the  mean  excess  power  has  unit  value 
when  no  target  is  present,  subtracting  an 
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Figure  5.  Block  diagram  of  the 
procedure  for  training  the  neural 
network  on  the  output  of  a  model- 
based  simulation. 


offset  of  1.0  from  each  causes  the  inputs  to  be 
equiprohably  positive  or  negative  in  the 
absence  of  a  target.  When  a  target  is  present, 
these  inputs  are  shifted  in  the  positive 
direction. 

(5)  Propagate  the  inputs  forward  through  the 
hidden  layer  to  the  pair  of  output  units.  Figure 
6  shows  the  network  architecture  in  the  general 
case,  with  N|  inputs,  Nh  hidden  units,  and  Nq 
output  units.  The  specifics  of  the  present  exer¬ 
cise  are  (Np  Nh.  Nq)  =  (30,  h,  2),  where  the 
number  h  of  hidden  units  was  variable.  The 
hidden  and  output  layers  are  composed  of 
binary  (0-1)  units.  The  a^  hidden  unit 
computes  the  weighted  sum  of  all  30  inputs 

(xi . X30),  the  weights  being  given  by  a  vector 

of  components  Vag,  where  s  =  1,2,  ....  30  iden¬ 
tifies  the  input  unit.  The  resulting  state  (or 
activation)  of  the  hidden  unit  is  yg  =  1  (if  the 
sum  is  positive)  or  yg  =  0  (if  zero  or  negative). 
Similarly,  the  r^  output  unit  assumes  the  value 
Zr  which  is  zero  or  one  depending  on  the  sign 

of  the  sum  of  products  Wrgyg,  a  =  1,2 . h. 

The  output  convention  is  (zi,  Z2)  =  (0,  0)  = 

"00"  for  no  target,  "01"  for  a  type  1  target,  and 
"1 1"  for  type  2. 

(6)  Compare  the  output  of  the  network  to  the 
desired  states,  which  correspond  to  the  two 
digits  of  the  type  index.  If  the  output  matches 
the  target,  return  to  step  (1).  If  there  is  an 
error,  modify  the  weights  according  to  the 
back-propagation  procedure,  then  return  to  step 

1.10  (1)  above. 

In  the  past  several  years,  back-propagation 
has  become  synonymous  with  the  “generalized 
data  rule"  introduced  by  Rumelhart  et  al.,^ 
who  described  it  as  a  method  of  "learning 
internal  representations  by  error  propagation.” 
The  trilayer  network  (in  Figures  5  and  6) 


Hidden  Layer  Output 


1 

1 

PVI 

Figure  6.  Schematic  diagram  of  a  trilayer 
neural  network.  The  unit  step  function  is  _! 
(9)  =  1,  if  (p  >  0,  or  ^  (ip)  =  0,  if  <p  <  0. 


transcribes  the  input  into  a  pattern  of  activa¬ 
tion  in  the  hidden  layer.  This  pattern  of  activa¬ 
tion  (y)  is  like  a  code  that  serves  as  an 
intermediate  (or  internal)  representation  of  the 
information  impressed  on  the  input  (x).  When 
the  components  of  the  upstream  weight  matrix 
(V)  are  just  random  numbers,  the  encoding  pro¬ 
cesses  amount  to  random  mixing  or  scram¬ 
bling.  The  “delta  rule,”  also  known  as  the 
perceptron  learning  algorithm,  was  employed 
by  Rosenblatt^  ®  to  decode  the  internal 
representation.  A  given  input  results  in  the  rth 
output  unit  taking  on  a  value  (Zf),  which  initial¬ 
ly  may  differ  from  the  desired  or  target  value 
(tr).  Error  correction  is  accomplished  by 
incrementally  adjusting  the  components  of  the 
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downstream  weight  matrix  (W).  The  delta  rule 
for  adjusting  the  weight  of  the  connection  from 
the  a^  hidden  unit  to  the  rA  output  unit  is 

~  8ya(ir"Zr)" 

where  g,  the  learning  rate  parameter,  is  a 
small,  positive  number  Since  the  hidden  unit’s 
activation  (yg)  is  a  binary  (0-1)  variable,  the 
delta  rule  does  nothing  to  the  connections  from 
hidden  units  that  are  turned  off  (ya  =  0)  by  the 
input.  For  those  that  are  turned  on  (ya  =  1),  the 
weight  change  is  proportional  to  the  error. 

Thus,  when  a  hidden  unit  excites  an  output 
unit  that  is  supposed  to  be  off,  the  weight  of 
the  connection  from  the  hidden  unit  is  re¬ 
duced.  Conversely,  when  a  hidden  unit  inhibits 
an  output  unit  that  should  turn  on  to  the  given 
input,  the  weight  change  is  in  the  positive 
direction.  This  process  of  making  incremental 
weight  changes,  which  oppose  the  errors  in 
classifying  the  elements  of  the  training  set, 
ultimately  corrects  all  the  errors  that  can  be 
corrected  subject  to  the  random  coding  action 
of  the  upstream  weight  matrix  and  the  hidden 
units. 

What  if  the  “internal  representation”  is 
inappropriate  to  the  training  set?  Since  the 
input-to-hidden  layer  weights  are  just  random 
numbers,  there  can  be  no  guarantee  that  a 
solution  is  attainable  by  application  of  the  delta 
rule.  For  that  matter,  why  include  the  hidden 
layer  at  all  if  its  behavior  is  not  mathematically 
justifiable?  As  a  psychologist,  Rosenblatt  was 
concerned  more  with  nervous  system  modeling 
than  problem  solving.  But  when  Minksy  and 
Papert  analyzed  the  subject®  they  tacitly  did 
away  with  the  hidden  layer  in  order  to  achieve 
mathematical  rigor.  The  result  was  a  model 
with  severe  limitations.  In  the  years  that 
followed,  this  weakened  and  oversimplified 
model  became  the  focus  of  diminishing 
attention. 

When  Rumelhart  et  al.^  revived  the  trilayer, 
feed-forward  architecture,  in  fact,  they  provid¬ 
ed  the  theoretical  justification  for  the  hidden 
layer.  They  disclosed  a  learning  algorithm  that 
could  adjust  the  upstream  weights  so  as  to 
ultimately  produce  internal  representations  that 
constitute  a  kind  of  intelligent  encoding  of  the 
input  (instead  of  a  random  one).  Their 
"generalized  della  rule”  applies  to  networks 
with  hidden  units  that  produce  graded 
responses.  Instead  of  simply  turning  on  or  off, 
the  hidden  unit’s  activation  is  a  continuous, 
differentiable,  bounded,  increasing  function  (of 
the  same  weighted  sum  as  before).  The  dif¬ 
ferentiability  of  the  activation  function  makes  it 
possible  to  compute  changes  to  the  upstream 
weights  that  correct  errors  through  the  method 
of  steepest  descent.  It  had  been  known  since 


1960  that  the  delta  rule  was  essentially  a 
steepest  descent  technique.^^  Yet  the  assump¬ 
tion  of  binary  hidden  units  made  it  impossible 
to  generalize  the  technique  to  networks  with 
two  layers  of  modifiable  weights: 

Although  the  introduction  of  hidden  units 
gives  a  feed-forward  network  the  poten¬ 
tial  for  an  arbitrary  mapping,  before  the 
introduction  of  [the  generalized  delta 
rule],  no  technique  existed  for  determin¬ 
ing  the  weights  of  a  deterministic,  feed¬ 
forward  network  with  hidden  layers.  This 
was  the  essence  of  the  credit  assignment 
problem:  how  to  determine  the  weights  of 
intermediate  hidden  units  so  that  desired 
responses  occurred  as  a  result  of 
specified  inputs.^ 

Rosenblatt®  addressed  this  credit  assignment 
problem,  which  really  involves  the  question  of 
placing  blame  by  attributing  errors  to  hidden 
units  when  output  units  take  on  the  wrong 
values: 

Only  one  constraint  needs  to  be  dropped 
in  order  to  obtain  the  most  general 
system  of  this  class:  the  requirement  that 
the  [input-to-hidden  unit]  connections 
must  have  fixed  values,  only  the  [hidden- 
to-output  layer]  connections  being  time 
dependent.  In  [Chapter  13],  variable 
[input-to-hidden  layer]  weights  will  be 
introduced  and  the  applications  of  an 
error-correction  procedure  will  be 
analyzed.  It  would  seem  that  a  con¬ 
siderable  improvement  in  performance 
might  be  obtained  if  the  [upstream 
weights]  could  somehow  be  optimized  by 
a  learning  process  rather  than  accepting 
the  arbitrary  or  pre-designed  network 
with  which  the  perceptron  starts  out.  It 
will  be  seen  that  this  is  indeed  the  case, 
provided  that  certain  pitfalls  in  the 
design  of  a  reinforcement  control  pro¬ 
cedure  are  avoided.® 

With  this  rationale,  Rosenblatt  introduced  a 
“back-propagating  error  correction  procedure” 
for  training  three-layer  perceptrons  made  with 
binary  units.  The  main  “pitfall”  that  Rosenblatt 
avoided  was  determinism:  Given  a  three-layer, 
series-coupled  perceptron  and  a  training  set  for 
which  a  solution  exists,  it  may  be  impossible  to 
achieve  the  solution  with  any  deterministic 
error  correction  procedure  that  obeys  the  “local 
information  rule”  by  which  only  the  hidden 
unit  itself  and  the  units  to  which  it  is 
connected  can  determine  the  error  assigned 
to  it. 

Ironically,  the  generalized  delta  rule  of 
Rumelhart  et  al.  is  a  local  and  strictly  deter¬ 
ministic  procedure  which  progagates  errors 
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(corrections)  back  to  the  hidden  layer.  The  "pit- 
fall”  of  getting  stuck  in  local  minima  of  the 
error  function  is  avoided  by  injecting  “noise” 
at  the  input  during  the  training  process  or  by 
rebooting  the  process  from  a  different  initial 
weight  assignment  when  convergence  gets 
bogged  down. 

From  the  academic  viewpoint,  the  general¬ 
ized  delta  rule  of  Rumelhart  et  al.  is  a  superior 
form  of  back-propagation,  since  it  is  based  on 
the  gradient  descent  in  squared  error.  From  an 
engineering  viewpoint,  there  are  good  reasons 
to  seek  a  back-propagation  algorithm  that 
works  with  binary  units.  In  most  applications 
the  objective  is  a  trained  network  that 
accomplishes  the  desired  mapping  from  input 
to  output.  The  result  of  training  is  a  set  of 
weights,  which  solves  the  problem  when  used 
to  connect  neuron-like  units  with  specific 
activation  functions.  If  the  same  weights  are 
used  to  connect  units  with  activation  functions 
that  deviate  from  those  of  the  units  employed 
during  training,  the  result  will  be  degraded  per¬ 
formance.  To  achieve  extremely  fast  operation 
in  a  weapon  system,  for  example,  the  neural 
network  may  have  to  be  inserted  as  an  analog 
integrated  circuit  in  which  the  weights  are 
electronic  conductances  and  the  neuron-like 
units  are  transconductance  amplifiers.  It  is 
much  harder  to  fabricate,  on  a  single  chip, 
large  numbers  of  amplifiers  with  the  same 
ideal,  sigmoidal  response  characteristics  than  it 
is  to  construct  hard  limiters  that  merely  res¬ 
pond  to  the  sign  of  the  input.  For  this  reason, 
it  is  much  easier  to  fabricate  neural  networks 
that  use  binary  units.  Even  if  the  inserted 
neurocomputer  is  a  fully  digital  device,  the  use 
of  binary  units  makes  it  generally  possible  to 
represent  the  weights  with  fewer  bits  of 
accuracy.  With  these  points  in  mind,  the 
network  shown  in  Figure  5  was  trained  using 
Rosenblatt’s  “back-propagating  error  correction 
procedure"  (described  at  the  end  of  the  article). 

Performance  Analysis 

The  neural  network  can  commit  errors  of 
eight  different  kinds,  since  three  possible  target 
types  are  classified  by  two  bits  at  the  output  of 
the  net.  Table  1  assigns  a  nomenclature  to 
these  errors.  The  output  is  supposed  to 
discriminate  between  surface  ships  and  subs 
only  when  the  right  output  bit  indicates  rejec¬ 
tion  of  the  null  hypothesis,  i  =  0.  (With 
152  reference  to  Figure  6,  this  output  bit  is  Z2,  the 
state  or  activation  of  the  second  output  unit, 
which  is  the  one  on  the  right  when  the  net¬ 
work  is  drawn  as  in  Figure  5.)  The  table  shows 
two  kinds  of  false  alarms  (FA)  and  four  kinds 
of  false  rest  (FR).  Error  types  CE  correspond  to 
the  off-diagonal  elements  of  the  “confusion 


matrix.”  All  kinds  of  errors  are  treated  equally 
by  the  “back-propagation  error  correction  pro¬ 
cedure”  used  in  the  training  process.  In  the 
evaluation  process,  on  the  other  hand,  the  out¬ 
put  “10”  in  response  to  an  input  of  type  0  is 
not  an  error,  because  the  right  (least  signifi¬ 
cant)  output  bit,  which  indicates  the  presence 
of  a  target,  enables  the  decision-making  process 
which  begins  by  reading  the  other  output  bit. 
The  false  alarm  probability  is  FAP  =  PrfFAj 
and  the  false  rest  probability  (FRP)  is  similarly 
defined.  The  confusion  probability,  CEP  = 

PJCE],  is  the  probability  of  identifying  surface 
ships  as  subs  or  vice  versa.  Finally,  the  total 
probability  of  error  is 

Pe  =  FAP  +  FRP  -(-  CEP.  (9) 

Table  1.  Classification  of  Errors 


Output 


Type 

“00” 

“01” 

“11” 

“10” 

0 

FA 

FA 

* 

1 

FR 

CE 

FR 

2 

FR 

CE 

FR 

■  This  entry  is  treated  the  same  as  "00"  (see  text). 


Detection  Experiments 

Detection  experiments  were  designed  to  show 
that  the  neural  network  can  learn  to  distinguish 
between  targets  (type  1  or  2)  and  background 
(i  =  0)  with  error  probabilities  approaching 
some  point  on  the  detector  operating 
characteristics  of  the  optimum  detection 
receiver  prescribed  by  the  classical  theory.’"* 
The  detector  operating  characteristic  in  general 
is  a  concave  (downward)  curve  on  the  unit 
square  which  shows  1  -  FRP  as  a  function  of 
FAP,  usually  parameterized  by  a  detectability 
measure  such  as  ^ignal-to-noise  j;atio  (SNR). 
Since  targets  and  background  are  presented 
equiprobably  in  the  training  process,  it  is  not 
surprising  to  find  that  the  operating  point  of 
the  trained  net  lies  in  the  vicinity  of  FRP  = 
FAP.  Thus,  we  use  the  detection  ^ror 
probability, 

DEP  =  FRP  -)-  FAP,  (10) 

as  the  performance  figure  of  merit. 

By  taking  target  velocity  V  sufficiently  small, 
and  setting  Ci  =  C2  =  0  in  the  source  model, 
one  can  artificially  cause  all  the  inputs  to  be  in- 
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dependent  and  identically  distributed  under 
both  the  null  hypothesis  and  the  composite 
alternative  (i  =  0).  This  gives  rise  to  the 
statistical  problem  of  detecting  a  shift  in  the 
mean  of  a  normal  population,  subject  to  a  pro¬ 
portionate  increase  in  the  variance.  Figure  7 
shows  the  theoretical  DEP  as  a  function  of  a 
nominal  SNR  which,  with  reference  to  Equa¬ 
tion  (4),  is 


lOlog(SNRi)  =  aj  -  20logRo  -  ap, 


Figure  7.  Detection  error  probability  versus 
signal-to-noise  ratio  for  the  optimum  detection 
receiver. 


with  ai  =  32.  Given  the  same  c.p.a.  distance  for 
each  encounter,  there  is  no  way  to  distinguish 
between  surface  and  submarine  targets  in  this 
degenerate  case.  Therefore,  the  output  of  the 
target-type  indicator  unit  in  the  neural  network 
was  ignored  in  both  training  and  evaluation. 

The  DEP  of  the  neural  network  approaches 
the  classical  result  as  the  training  procedure  is 
iterated  many  times.  Figure  8  shows  the  detec¬ 
tion  error  rate  for  a  net  with  six  hidden  units 
operating  on  a  nominal  SNR  =  1.42,  or  10  log 
1.42  =  1.5  dB.  The  error  rate  is  a  500-point 
moving  average  computed  every  10  cycles  of 
the  training  procedure.  After  about  1000  cycles, 
the  error  rate  falls  below  1/500.  The  time 
required  to  reach  DEP  =  1/500  the  first  time 
ranged  from  about  60  (in  the  figure)  to  over  150 
cycles  in  similar  trials,  which  differed  only 
with  respect  to  the  seed  of  the  random  number 
generator.  (The  seed  determines  both  the  train¬ 
ing  input  and  the  initial  weights.)  Higher  values 
of  the  SNR  gave  faster  convergence  to  the 
1/500  error  level,  but  make  estimation  of  the 
limiting  DEP  very  time  consuming. 
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Figure  8.  Detection  error  rate  vs.  number  of 
cycles  for  a  (30,6,2)  BP  net  with  nominal  SNRl 
=  SNR2  =  1.5  dB.  The  rate  is  computed  every 
10  cycles  as  a  500-point  moving  average. 


Detection-and-CIassification  Experiments 

In  this  section  we  discuss  some  actual  tests 
conducted  with  the  neural  network  to  see  if  it 
would,  with  training,  resolve  the  range-speed 
ambiguity.  The  ease  of  the  discrimination  task 
increases  with  the  divergence  of  the  two  source 
spectra,  described  above  in  terms  of  source 
level  parameter  vectors  (aj,  bj,  Cj),  where  i  =  1 
or  2.  The  source  level  parameters  were  the 
same  as  given  in  connection  with  Figure  3.  The 
roll-off  rate  parameter  cj  for  the  surface  ship 
was  set  at  15  dB/decade  in  contrast  to  that  of 
the  submarine  target  (C2  =  10  dB/decade).  In 
order  to  see  whether  the  neural  network  could 
resolve  the  range-speed  ambiguity,  the  c.p.a. 
distance  and  velocity  were  greater  for  type  1 
targets.  Since  the  surface  ship  is  30  dB  louder 
than  the  submarine  at  tbe  low  end  of  the  spec¬ 
trum,  the  c.p.a.  distances  for  type  1  targets 
were  made  typically  30  times  greater  than  for 
type  2  targets.  In  particular,  the  c.p.a.  distance 
for  the  surface  ship  was  bounded  below  by 
3000  meters  and  above  by  15  kilometers;  but 
for  submarine  targets  the  bounds  were  100 
meters  and  500  meters.  Depending  on  the 
randomly  generated  target  type  index,  the 
parameter  Rq  was  uniformly  distributed  on  one 
of  the  intervals  defined  by  these  upper  and 
lower  bounds. 

The  speed  V  is  likewise  restricted  to  a  type- 
specific  range  in  a  manner  that  heightens  the 
ambiguity.  One  way  to  “confuse”  the  network 
is  to  let  the  speed-to-c.p.a.  distance  ratio  (Vq) 
approach  unity.  In  order  to  keep  the  speeds  of 
both  target  types  within  reasonable  bounds, 
however,  the  signature  generator  produced 
speeds  uniformly  distributed  between  20  and 
40  m/sec  for  surface  targets  and  between  5  and 
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20  m/sec  for  subs. 

The  speeds  and  distances  established  by  these 
modeling  assumptions  give  rise  to  signature 
widths  up  to  a  few  hundred  seconds.  The  pre¬ 
processing  assumed  in  generating  the  normal 
distributions  in  Equations  (8)  was  made  to 
reflect  the  signature  duration.  This  was  accom¬ 
plished  by  using  a  T  =  1  second  integration 
time  for  each  time  slice  and  by  spacing  the 
slices  20  seconds  apart. 

After  “reconnecting”  the  target  type  indicator 
unit  to  the  neural  network,  minimization  of  the 
total  error  probability,  given  by  Equation  (9), 
was  observed  over  the  course  of  many  training 
cycles,  each  involving  the  presentation  of 
simulated  target  signatures  (or  noise)  at  the 
input.  Figure  9  summarizes  the  results  of 
detection-and-classification  experiments  in 
which  the  network  was  given  2500  training 
cycles  to  reduce  the  total  error  rate.  Each  plot¬ 
ted  point  is  the  average  of  10  independent 
trials  differing  with  respect  to  the  random 
numbers  generated  (and  the  initial  weights). 


Figure  9.  Total  error  rate  vs.  number  of  cycles 
for  a  (30,16,2)  network  trained  to  disciminate 
between  surface  and  submarine  targets.  The 
error  rate  is  computed  every  10  cycles  as  a 
10-point  moving  average. 

Each  trial  yields  a  10-point  moving  average 
error  rate  over  2500  training  cycles.  The  pre¬ 
training  Pe,  from  Equation  (9),  is  about  3/4, 
under  the  assumption  that  each  output  unit  is 
equiprobably  right  or  wrong.  The  error  rate 
quickly  drops  below  the  50  percent  level.  After 
500  training  cycles  the  learning  curve  begins  to 
approach  its  asymptotic  level,  Pe  =  0.04. 

These  results  were  obtained  with  16  hidden 
154  units.  Reducing  the  number  of  hidden  units  to 
8  or  fewer  caused  the  learning  curve  to  flatten 
in  the  vicinity  of  Pe  =  0.15.  Broadening  the 
hidden  layer,  which  caused  the  execution  time 
to  scale  up  as  (Nj  -t-2)h,  did  not  appreciably 
improve  the  performance  of  the  net  after  2500 
cycles. 


Similar  experiments  were  performed  with 
larger  and  smaller  values  of  the  minimum  SNR, 
which  is  the  excess  power  radiated  by  the 
submarine  target  when  the  c.p.a.  distance  is 
maximum  and  the  velocity  is  set  to  zero.  The 
upper  hounds  on  the  type-specific  maximum 
c.p.a.  distances  that  were  noted  above  corres¬ 
pond  to  a  minimum  SNR  of  6  dB.  Minimum 
SNR  values  between  10  dB  and  3  dB  were 
established  by  readjusting  the  bounds  on  c.p.a. 
distances.  The  limiting  total  error  probability 
(Pe)  was  observed  to  increase  gradually  as  the 
minimum  SNR  was  reduced,  rising  from  0.02 
(at  10  dB)  to  0.35  (at  3  dB). 

Conclusions  and  Recommendations 

In  the  examples  considered,  the  network 
easily  learned  to  detect  the  presence  of  a  target 
of  either  type,  but  had  minor  difficulty  in  dis¬ 
criminating  between  surface  and  submarine 
targets.  This  was  not  surprising,  inasmuch  as 
the  target  signature  generation  model  was  ad¬ 
justed  to  highlight  the  range-speed  ambiguity. 
Superb  performance  could  probably  have  been 
obtained  by  presenting  the  neural  net  with  an 
easier  problem.  The  fact  that  the  network 
attained  better  than  90  percent  classification 
accuracy  provides  encouragement  for  further 
work  along  these  lines.  A  detailed  examination 
of  neural  net’s  performance  needs  to  be  preced¬ 
ed  by  a  thorough  analysis  of  classical  solutions 
appropriate  to  the  present  case  in  order  to  set 
goals  for  the  total  probability  of  error  for 
parameter  combinations  of  interest.  Once 
again,  the  neural  network  approach  is  regarded 
as  a  potential  shortcut  to  near  optimal  perfor¬ 
mance,  as  opposed  to  a  means  of  exceeding  the 
classically  derived  optima. 

It  may  be  that  academic  curiosity  concerning 
Rosenblatt’s  back-propagation  technique 
diverted  these  efforts  from  the  mainstream  of 
contemporary  neural  network  design  practice. 
Use  of  hidden  units  with  a  differentiable 
(sigmoidal)  activation  function  and  the 
Rumelhart/PDP  gradient  descent  form  of  back- 
propagation  might  lead  readily  to  better 
classification  accuracy.  Indeed,  the  gradual 
improvement  in  total  error  rate  which  accom¬ 
panied  the  broadening  of  the  hidden  layer 
might  suggest  that  perceptrons  with  binary 
threshold  units  suffer  from  a  reduced  capacity 
relative  to  today’s  standard  back-propagation 
nets.  On  the  other  hand,  if  an  effective  neural 
network  solution  can  be  obtained  with  binary 
units,  it  will  be  particularly  easy  to  realize 
high-speed  detection  and  classification  in  the 
finished  product  which,  in  this  case,  could  take 
the  form  of  analog  integrated  circuitry  in 
which  the  weights  are  fixed  conductances  and 
the  neuron-like  units  are  high-gain  amplifiers. 
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Back-Propagation 

Rosenblatt  (1961,  1962)'*  ®  pioneered  the 
study  of  learning  algorithms  for  feed¬ 
forward  neural  networks  with  binary 
threshold  units.  His  “perceptrons”  typi¬ 
cally  had  a  “retina”  of  sensory  (S)  units 
feeding  forward  to  an  association  (A)  layer 
which,  in  turn,  drove  the  response  (R) 
units.  Today  it  is  customary  to  refer  to 
input  units,  hidden  units,  and  output 
units.  Mixing  the  new  parlance  with  the 
old,  most  of  Rosenblatt’s  S-A-R  percep¬ 
trons  had  input-to-hidden  layer  (S-A) 
weights  that  were  fixed  while  the  hidden- 
to-output  (A-R)  weights  were  modified 
incrementally  in  the  course  of  many 
passes  through  the  training  set.  The 
asymptote  of  the  individual  perceptron 
learning  curve  was  clearly  limited  by  the 
suitability  of  the  fixed  S-A  weights,  which 
were  generated  by  a  stochastic  rule. 

Rosenblatt®  (page  292)  also  used  a  “back- 
propagating  error  correction  procedure” 
for  training  the  S-A  weights.  The  essence 
of  this  back-propagation  technique  was  a 
brief  list  of  rules  for  assigning  errors  to 
hidden  (A)  units  based  on  their  inter¬ 
actions  with  output  (R)  units  that  assumed 
the  wrong  state  in  response  to  the  training 
input.  This  back-propagation  algorithm  is 
a  “supervised”  learning  algorithm  which 
obtains  its  feedback  from  the  output  units, 
computing  errors  by  comparing  their 
observed  states  to  preassigned  correct 
values,  and  propagating  corrections  back 
toward  the  input  end  of  the  net  if  a 
satisfactory  solution  cannot  be  found 
quickly  by  making  corrections  at  the  out¬ 
put  end.  The  actual  modification  to  the 
weights  is  formally  the  same  whether  an 
output  unit  or  a  hidden  unit  is  considered. 
Thus,  if  the  error  assigned  to  a  unit  is 
positive,  the  weights  of  all  connections 
from  active  units  are  increased,  eventually 
turning  it  on.  If  the  error  is  negative,  the 
weights  of  connections  from  the  active 
units  are  decreased. 

(I)  For  the  rdi  output  unit,  let  d^  = 
tr  -  Zr  be  the  error,  where  tr  (equal  to 
0  or  1)  is  the  desired  (target)  state 
and  Zf  (equal  to  0  or  1)  is  the  ob¬ 
served  state.  Note 

Nh 

~  J,(  ^  ^raVa] 


in  terms  of  the  unit  step  function 


c  0  if  cp 


and  the  A-R  weight  matrix  W,  where 
N, 

Va  ~  ^  VasXg  —  Ua] 

s  =  l 

is  I'ne  state  of  the  aA  hidden  unit, 
obtained  by  feeding  the  inputs  (x)  for¬ 
ward  through  the  S-A  weight  matrix 
V.  Thresholds  (u)  are  ascribed  to  the 
hidden  units.  (Note  that  dr  assumes 
one  of  three  values:  —1,  0,  or  -1-1.) 

(II)  For  the  a-th  hidden  unit,  error 
Eg  is  computed  as  follows  for  each 
training  input:  Begin  with  Eg  =  0. 

(IIA)  If  Ya  =  1,  and  a  nonzero  er¬ 
ror  dr  differs  from  the  sign  of  Wra, 
then  decrement  Eg  by  one  with  pro¬ 
bability  Pi. 

(IIB)  If  Ya  =  0,  and  a  nonzero  error 
dr  agrees  in  sign  with  Wra, 
crement  Eg  by  one  with  probability 
P2- 

(IIC)  If  ya  =  0,  and  a  nonzero  error 
dr  differs  in  sign  from  Wra,  *hen  in¬ 
crement  Eg  by  one  with  probability 
P3- 

For  all  other  conditions.  Eg  is 
unchanged. 

(III)  Let  sgn(.)  be  the  sign  function. 
Define  sgn(O)  =  0.  The  modification 
is 

AWra  =  gyaSgn(dr)  for  A-R  weights  or 
AVas  =  gXsSgn(Ea)  for  S-A  weights, 

using  a  suitable  learning  rate 
parameter  g  >  0.’"’  This  procedure  is 
illustrated  in  Figure  10. 

While  Rosenblatt  mainly  restricted  his 
attention  to  binary  0-1  inputs,  the  formula 
for  the  modifications  to  the  upstream 
weights  V  can  be  used  on  real-valued  in¬ 
puts  without  any  formal  change. 

The  results  herein  were  obtained  with  g 
=  0.01  and  (pi,  P2,  Pa)  =  (.9,  .7,  .1),  based 
on  study  of  the  few  results  exhibited  by 
Rosenblatt  and  on  rather  extensive 
numerical  experiments  in  which  small 
perceptrons  were  trained  to  classify  ran¬ 
dom  patterns  of  binary  digits.^® 
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Figure  10.  Back-propagation  is  used  to  train  a  5-unit  net  to  perform  the  exclusive-or  (XOR) 
logic  function.  (The  XOR.  a  function  of  two  binary  digits,  is  one  when  they  differ  and  zero  when 
they  are  alike.)  The  net  has  two  input  units,  two  hidden  units,  and  one  output.  The  hidden  units 
have  thresholds  of  0,5,  equivalent  to  externally-applied  biases  of  -0.5.  Weights  are  noted  beside 
the  feed-forward  connections.  The  units  are  ON  and  OFF  when  their  states  are  1  or  0,  respec¬ 
tively.  The  mapping  in  the  lower  right  quadrant  is  incorrect,  since  XOR(l,  1)  =  0.  The  error  at 
the  output,  dr  =  -1,  is  propagated  back  to  the  active  hidden  unit,  giving  Eg  =  -1  with  pro¬ 
bability  pi  (close  to  one),  in  accordance  with  the  pertinent  rule  (11  A)  of  Rosenblatt’s  procedure. 
Then  the  weight  of  the  connection  to  the  active  (ON)  hidden  unit  from  the  lower  input  unit  is 
changed  by  an  amount  AVas=gXsSgn(Ea)  =  -g.  Taking  g  =  0.1  for  the  learning  rate,  the  weight 
from  the  lower  input  to  the  active  hidden  unit  is  reduced  by  0.1,  from  -0.45  to  -0.55.  This 
solves  the  problem,  since  both  hidden  units  now  turn  OFF  when  both  inputs  are  ON. 
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Platform  Attitude  Determination  by  the 
Use  of  Global  Positioning  System 

Alan  G.  Evans,  Bruce  R.  Hermann  and  B.  Larry  Miller 


The  article  describes  work  performed  during  the  past  eight 
years  which  established  that  the  Global  Positioning  System  (GPS) 
is  capable  of  providing  users  with  real-time  platform  attitude. 
This  capability  was  demonstrated  in  an  experiment  performed 
during  July  of  1990  at  the  Naval  Surface  Warfare  Center 
fNAVSWC).  Real-time  azimuth  determination  of  a  moving  vehi¬ 
cle  was  achieved  using  a  prototype,  dual-antenna  GPS  receiver 
developed  by  Texas  Instruments. 

The  article  begins  with  a  brief  discussion  of  early  static 
azimuth  and  elevation  estimates.  It  continues  with  results  from 
an  astronomical  azimuth  comparison  of  conventional  stellar 
measurements  with  a  new  technique  that  employs  geodetic 
azimuths  determined  from  GPS;  a  dynamic  ship's  heading  test 
using  a  prototype  three-antenna  receiver  built  by  Trimble 
Navigation,  Ltd.;  results  from  the  July  1990  real-time  dynamic 
test;  and  covariance  analyses  of  combined  multiple-antenna  GPS 
and  inertial  navigation  systems  (INS).  The  article  concludes  that 
two-antenna  GPS  real-time  attitude  determination  capability  is 
currently  available  and  can  significantly  enhance  the  operation 
of  the  INS,  especially  in  the  azimuth  (heading)  component. 


Introduction 

For  certain  military  navigation  applications,  such  as  pointing  cameras  in 
a  reconnaissance  aircraft  or  directing  naval  guns  toward  a  land  target,  plat¬ 
form  attitude  determination  becomes  an  important  factor.  The  Global  Posi¬ 
tioning  System’s  primary  mission  is  to  solve  the  navigation  problem: 
absolute  position  and  velocity  of  a  single  antenna  on  a  vehicle  platform  in 
real-time.  With  the  use  of  multiple  antennas  and  time  difference-of-arrival 
techniques,  the  capabilities  of  GPS  can  be  extended  to  include  the  deter¬ 
mination  of  platform  attitude,  or  orientation. 

This  article  represents  an  overview  of  NAVSWC’s  efforts  to  develop  a 
capability  to  determine  a  platform’s  attitude  using  GPS.  Test  results 
obtained  in  the  early  1980s  are  presented, 1-2.3  followed  by  results  obtained 
over  longer  baselines  with  the  aim  of  approaching  the  ultimate  GPS  orienta¬ 
tion  accuracy.  These  tests  were  conducted  jointly  with  the  Defense 
Mapping  Agency  (DMA)  and  the  National  Geodetic  Survey  (NGS)."*  The 
performance  of  the  first  position  and  attitude  GPS  receiver  is  discussed;  it 
was  developed  through  a  contract  with  Trimble  Navigation,  Ltd.,  of 
Sunnyvale,  California. 5  Shipboard  testing  of  this  receiver  is  also  reviewed, 6 
along  with  recent  testing  conducted  at  NAVSWC^  of  a  pointing  receiver 
developed  by  Texas  Instruments,  Inc.  (TI),  of  Plano,  Texas.  This  receiver 
was  especially  designed  for  precise  measurement  of  the  phase  difference 
between  two  antennas. 8  After  an  initialization  period,  this  pointing  receiver 
obtains  the  azimuth  and  elevation  of  the  two  antennas  in  real-time.  Then, 
covariance  analyses  of  the  attitude  accuracy  enhancement  obtained  by 
combining  GPS  with  an  INS  are  presented.  Both  a  very  early  (1976)  study 
of  a  single-antenna  case^  and  a  recent  multiple-antenna  case  are  summar¬ 
ized.  Lastly,  the  current  status  of  GPS  attitude  determination  development 
is  evaluated. 
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Early  Static  Test  Results 

The  first  demonstration  using  GPS  to  deter¬ 
mine  attitude  was  completed  in  November 
1982.^  This  demonstration  reprocessed  the 
phase  measurement  data  collected  as  part  of  a 
GPS  sensitivity  experiment  that  took  place  in 
May  1980.^  Here,  a  single  antenna  was  moved 
around  a  right  triangular  path,  stopping  at  each 
vertex  to  collect  data  for  several  minutes.  The 
legs  of  the  triangle  were  approximately  2 
meters,  and  the  movement  from  one  vertex  to 
the  next  was  accomplished  within  1  minute. 
The  GPS  receiver  used  in  this  experiment  was 
a  single  satellite  tracker  built  by  Stanford 
Telecommunications,  Inc.,  and  interfaced  with 
data  collection  hardware  and  software 
developed  at  NAVSWC  for  DMA.  This  experi¬ 
ment  demonstrated  the  potential  for  high 
accuracy  change-in-position  estimates  when 
continuous  carrier-phase-tracking  is  achieved. 
By  including  several  complete  circuits  of  the 
triangle  and  enhancing  the  geometry  by  track¬ 
ing  two  different  satellites,  orientation 
estimates  for  roll,  pitcii,  and  yaw,  with  prob¬ 
able  errors  of  -0.57,  -0.28,  and  0.03  degree, 
respectively,  were  obtained.  A  similar  test  in 
February  1983  was  conducted  by  Magnavox 
Advanced  Products  and  Systems  Company’® 
where  an  antenna  was  repeatedly  moved  ver¬ 
tically  to  obtain  a  vertical  elevation  angle. 

Although  the  moving  single-antenna  pro¬ 
cedure  requires  mechanical  motion,  it  can 
minimize  systematic  errors  such  as  different  or 
migrating  electrical  phase  centers  inherent  to 
the  multiple  antenna  (coherent  phase)  pro¬ 
cedure.  A  recommended  application  for  the 
single  moving  antenna  is  to  provide  the  orien¬ 
tation  of  a  spinning  satellite."  An  inter¬ 
ferometric  approach  using  the  differences 
between  coherent  phase  measurements  of  at 
least  two  antennas  was  recommended^’  "  "  " 
for  various  antenna  baselines.  The  inter¬ 
ferometric  procedures  obtain  phase 
measurements  at  two  antennas  at  the  same 
time  instant  as  shown  in  Figure  1.  The 
receivers  measure  the  fractional  part  of  the 
phase  measurements  (designated  by  F^  and  Fg). 
These  measurements  can  be  related  to  the  dif¬ 
ference  in  range  to  the  satellite  (ARd  if  the 
integer  number  of  cycles  is  obtained.  Generally, 
computer  algorithms  take  advantage  of  the 
known  antenna  baseline  length  to  obtain  this 
quantity. 

The  advent  of  coherent  and  coherently 
integrated  phase-measuring  receivers  enabled 
the  interferometric  attitude  determination  to 
become  a  reality.  One  early  such  receiver  was 
the  TI4100."  Its  development  was  sponsored 
jointly  by  DMA  and  NGS  with  technical  and 
contractual  assistance  from  the  Applied 


Research  Laboratories  of  the  University  of 
Texas  at  Austin,  NAVSWC,  and  the  Applied 
Physics  Laboratory  of  Johns  Hopkins 
University. 

Static  azimuth  and  elevation  were  obtained 
for  a  25-meter  antenna  separation  distance®  by 
connecting  two  receivers  to  the  same  external 
atomic  clock.  NAVSWC-developed  GEodetic 
SAtellite  Receiver  (GESAR)  software’®  con¬ 
trolled  the  phase  measurements  to  take  place  at 
the  same  GPS  time  (to  within  the  100- 
nanosecond  synchronization  error).  Once  the 
integer  number  of  cycles  between  the  phase 
measurements  at  each  antenna  was  determined, 
estimates  of  azimuth  and  elevation  were  ob¬ 
tained  at  each  time  mark.  A  plot  of  the  azimuth 
error  as  a  function  of  time  is  given  in  Figure  2. 
The  resultant  standard  deviation  of  0.000099 
radian,  which  if  translated  from  a  25-meter 
baseline  to  a  one-meter  baseline  represents 
about  a  0.14-degree  error,  demonstrated  the 
potential  accuracy  of  GPS  for  attitude  deter¬ 
mination.  The  variation  of  the  estimate  is 
thought  to  be  due  to  signal  multipath.’^  Day-to- 
day  comparison  of  short  static  baselines  has 
shown’®  that  signal  multipath  is  one  of  the 
main  contributors  to  GPS  attitude  estimation 
errors.  Consequently,  the  accuracy  at  any  given 
site  is  very  much  dependent  on  the  environ¬ 
ment  of  the  receiver  antennas.  More  recently, 
dynamic  attitude  tests  have  been  performed  by 
combining  two  GPS  receivers  as  described 
above.’®'®®®’ 


Figure  1.  GPS  phase  measurement  at  a  single¬ 
time  instant. 
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Figure  2.  Azimuth  estimation  error  for  a 
static  25-meter  baseline. 

Longer  Baseline  Static  Tests 

To  demonstrate  further  the  potential  of  GPS 
to  determine  azimuth,  longer  (1.2  and  8.3 
kilometer)  baselines  were  used.  A  joint  DMA, 
NGS,  and  NAVSWC  test  was  conducted  at 
Dahlgren,  Virginia,  in  July  1987.'*  Using  about 
three  hours  of  static  GPS  data  per  day  from 
TI4100  receivers,  geodetic  azimuths  were 
obtained.  These  values  were  converted  to 
astronomic  values;  the  comparisons  are  given 
in  Table  1.  Conventional  astro-geodetic  values 
of  gravity  deflections  of  the  vertical  were  used 
to  convert  the  geodetic  values.  Agreements, 

-0.27  arcsecond  for  the  8.3-km  baseline  (be¬ 
tween  stations  MERE  and  RAD9)  and  -0.97 
arcsecond  for  the  1.2-km  baseline  (between 
stations  MERE  and  HERO),  are  within  the  stan¬ 
dard  deviations  of  the  reference  values.  The 
task  of  determining  the  reference  astronomic 
azimuths  from  stellar  measurements  was 
delegated  to  the  DMA  Geodetic  Survey 
Squadron  based  in  Cheyenne,  Wyoming. 

The  daily  estimated  values  of  geodetic 
azimuth  and  baseline  length  are  given  in  Table 
2.  These  results  demonstrate  the  repeatability  of 


Table  1.  Comparison  of  Azimuths 


Stations 

GPS  Azimuth 

Conven- 

lional 

Astro¬ 

nomic 

Azimutit 

(Arc) 

Diffe¬ 

rence 

(Arc) 

Geodetic 

Aa 

(Arc) 

Astro¬ 

nomic* 

(Arc) 

From 

To 

Deg 

Min 

Arc 

MBRE 

RAD  9 

144 

16 

21.823 

4.103 

25.926 

26.2 

-0.27 

MBRE 

HERO 

293 

29 

2.322 

4.103 

6.424 

7.4 

-0.97 

•Derived  using  GPS  geodetic  azimuth  and 
conventional  asfrogeodetic  vertical  deflections. 


the  GPS  measurements.  For  the  four  days, 
numerical  standard  deviations  for  the  estimated 
individual  values  were  3  millimeters  and  1 
millimeter  for  baseline  length,  and  0.08  arc- 
second  and  0.31  arcsecond  for  geodetic 
azimuth,  respectively.  The  GPS  baseline  length 
estimates  agreed  to  about  2.6  parts  per  million 
with  the  electronic  distance  measuring  devices. 
Here,  NGS  PHASER  software^z  and  NAVSWC 
precise  post-fitted  satellite  ephemerides23  were 
used  for  the  GPS  relative  positioning. 

Ultimately,  the  accuracy  obtainable  when 
using  GPS  for  attitude  determination  is  depen¬ 
dent  on  the  quality  of  the  satellite  ephemerides 
and  clock  estimates.  Angular  errors  in  satellite 
position  can  introduce  similar  errors  in  a  GPS 
relative  position  on  a  one-to-one  basis. 22  At 
GPS  altitude,  an  angular  error  of  1  arcsecond  is 
equivalent  to  approximately  124  meters.  Testing 
of  the  NAVSWC  precise  post-fitted 
ephemerides  indicates  that  the  satellite  orbit 
errors  do  not  exceed  10  percent  of  this  value. 
Consequently,  any  rotation  introduced  by  the 
post-fitted  ephemerides  is  well  below  1  arc- 
second.  Also,  the  real-time  broadcast 
ephemerides  are  limited  to  100-meter  error, 
causing  less  than  1  arcsecond  rotation. 


Table  2.  Repeatability  Analysis 


— 

Stations 

Day 

of 

Year 

— 

Baseline 
Length  (m) 

GPS  Azimuth 

From 

To 

Deg 

Min 

Arc 

MBRE 

RAD  9 

229 

8372.700 

144 

16 

21.889 

230 

2.700 

21.881 

231 

2.705 

21.857 

232 

2.706 

21.865 

MEAN 

2.703 

21.823 

STD 

JEV 

±0.003 

±0.083 

MBRE 

'"RO 

231 

1153.772 

293 

29 

2.011 

232 

3.771 

2.622 

233 

3.773 

2.334 

MEAN 

3.772 

2.322 

STD 

DEV 

±0.001 

±0.306 

Trimble  Heading  and  Attitude  Receiver 

On  28  January  1985,  Trimble  Navigation, 

Ltd.,  started  work  on  a  Small  Business  Innova¬ 
tion  Research  (SBIR)  contract  administered  by 
NAVSWC.  The  objective  of  the  contract  was  to 
design  and  build  a  prototype  receiver  that 
determined  both  position  and  attitude.^  The 
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receiver  was  tested  on  board  USS  Yorktown, 
a  U.S.  Navy  guided  missile  cruiser,  in  July 
1988.6 

The  Heading  and  ATtitude  receiver  (HAT) 
used  three  antennas  in  a  right  triangular  array, 
as  shown  in  Figure  3.  The  primary  baseline, 
used  to  determine  heading  and  pitch,  was  60 
centimeters  in  length.  The  secondary  baseline, 
used  to  determine  roll,  was  40  centimeters.  The 
compact  receiver  equipment  is  shown  in  Figure 
4.  The  equipment  used  on  USS  Yorktown 
employed  a  portable  personal  computer  to 
record  the  pseudo-range  and  phase  observa¬ 
tions  for  post-processing.  Attitude  estimates 
were  performed  after  the  test,  but  enough  infor¬ 
mation  was  available  in  real  time  to  assure  that 
the  data  collection  was  successful. 

The  USS  Yorktown  tests  consisted  of  a 
static  portion  performed  while  the  ship  was 
tied  up  at  the  dock,  and  a  dynamic  portion 
performed  while  under  way.  As  part  of  the 
dynamic  tests,  the  ship’s  heading  was  varied 
from  approximately  40  to  150  degrees  in  a 
cyclic  pattern  within  a  period  of  about  15 
minutes.  Since  the  GPS  receiver  and  the  ship’s 
navigation  system  kept  time  independently,  this 
cyclic  path  allowed  an  unambiguous  com¬ 
parison  to  be  made  between  the  estimated  GPS 
azimuth  values  and  the  results  obtained  from 
the  ship’s  INl 

The  standard  deviation  of  the  difference  in 
heading  between  the  ship’'^  INS  and  HAT  was 
1.5  degrees.  This  result  was  obtained  in  the  dif¬ 
ficult  signal  multipath  environment  on 
Yorktown  and  for  a  short  60-centimeter  primary 


Figure  3.  Trimble  heading  and  attitude 
receiver  antenna  array  on  USS  Yorktown.  The 
three  antennas  define  a  plane  that  is  fixed  on 
Yorktown.  The  roll,  pitch,  and  yaw  movements 
of  the  ship  are  sensed  as  phase  differences  by 
the  array.  The  view  is  from  the  deck  above  the 
AEGIS  radar,  facing  aft.  Note  that  the  guard 
rails  are  made  of  nonreflective  fiberglass. 

baseline.  The  pitch  and  roll  estimates  were 
affected  by  the  dilution  of  precision  due  to 
available  satellite  geometries  during  the  test. 


Figure  4.  The  elec¬ 
tronics  were  located  in 
USS  Yorktown ’s 
helicopter  control  room. 
A  laptop  portable  per¬ 
sonal  computer  (right) 
communicated  with  the 
receiver  and  recorded  all 
data  on  floppy  disks.  The 
Control  Display  Unit 
(CDU)  (center)  allowed 
the  operator  to  enter 
commands  into  the  GPS 
receiver.  The  GPS 
recriver  (left,  under  the 
CDU)  acquired  and  track¬ 
ed  the  signals  supplied 
from  the  thn  ■  antennas. 
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The  standard  error  for  pitch,  which  uses  the 
same  measurements  as  the  azimuth  estimate, 
was  4.3  degrees.  On  the  shorter  perpendicular 
baseline,  the  roll  standard  deviation  was  5.6 
degrees. 

Due  to  funding  constraints  of  the  SBIR  con¬ 
tract,  equipment  compromises  were  required. 
Off-the-shelf  hardware  was  used  to  measure  the 
phase  of  the  signal  from  each  antenna  over  a 
0.5-second  dwell  time.  The  integer  number  of 
cycles  between  the  phase  measurements  needed 
to  be  redetermined  at  every  measurement 
because  the  equipment  did  not  continuously  in¬ 
tegrate  the  phase  measurements.  The  phase 
reconstruction  was  successfully  handled  in  the 
data  processing  software.  Experience  with  the 
Trimble  HAT  receiver  has  pointed  the  way 
toward  design  improvements  that  would 
achieve  the  greatest  payback  for  the  real-time 
attitude  determination  problem.  The  test  on 
L'SS  Yorklown  demonstrated  the  capabilities 
that  GPS  offers  for  determining  position  and 
attitude  on  a  low  to  medium  dynamic  vehicle 
S'.ch  as  a  ship  at  sea. 


Real-Time  Attitude  Determination 

TI  has  designed  a  dual-role  capability  into  the 
new  AN/PSN-9  receiver,  which  is  in  production 
for  the  U.S.  Air  Force  |oint  Program  Office.  It 
can  operate  as  a  normal  navigation  unit,  or, 
when  modified  with  a  second  antenna  and 
additional  components,  it  can  become  a 
pointing  system, 8  The  modified  AN/PSN-9 
obtains  phase  difference  measurements  directly 
from  up  to  five  satellites.  Also,  once  the  initial 
integer  cycle  phase  differences  nave  been 
resolved  and  as  long  as  the  receiver  con¬ 
tinuously  tracks  each  satellite,  range  differences 
between  all  satellites  and  antennas  are  available 
at  each  observation  interval.  As  part  of  an 
internal  Independent  Exploratory  Development 
project  at  NAVSWC,  the  modified  AN/PSN-9 
was  tested  in  November  1989  and  July  1990. 

For  the  static  portion  of  the  test,  two 
antennas  were  placed  on  top  of  a  beam  at  a 
nominal  separation  distance  of  1,0  meter.  The 
beam,  shown  in  Figure  5,  was  precisely 
adjusted  *vith  a  theodolite  to  coincide  with  the 
baseline  deteriiiined  by  the  astronomic  azimuth 
test  described  in  the  Longer  Baseline  Static 
1Q2  Tests  section.  The  alignment  error  between  the 
beam  and  the  reference  azimuth  was  thought  to 
be  on  the  order  of  a  few  arcseconds. 

Two  antenna  types  (microstrip  patch  and 
drooped  turnstile)  and  three  ground  plane 


Figure  5.  Two  drooped  turnstile  antennas 
(without  ground  planes)  attached  to  a  beam 
positioned  over  a  precisely  known  azimuth 
baseline. 


structures  (flat  plate,  choke  ring,  and  no-ground 
plane)  provide  six  test  configurations.  The 
microstrip  patch  antenna  was  a  Sensor  System 
Model  S67-1575-2  airborne  Ll  GPS  antenna. 

The  drooped  turnstile  antenna  was  a  Dome 
and  Margolin  DM  C146  Series  Ll  GPS  antenna 
packaged  for  the  AN/PSN-9  GPS  receiver  (see 
Figures  5  through  8  for  more  details)." 

For  the  static  test,  the  microstrip  patch 
antennas  on  the  choke  ring  ground  planes  pro¬ 
duce  the  most  consistently  accurate  results.  For 
the  two  days  of  testing,  the  azimuth  errors 
were  -0.02  and  -0.04  degree:  the  elevation 
errors  were  0.07  and  -0.05  degree.  The  cor¬ 
responding  standard  deviations  for  azimuth 
were  0.06  and  0.08  degree  and  for  elevation 
were  0.18  and  0.23  degree.  The  differences  in 
azimuth  and  elevation  accuracies  are  due  to  the 
geometrical  differences  of  the  satellite  loca¬ 
tions.  These  geometric  dilution-of-precision 
corrections  were  calculated  and  explain  the  test 
result  differences. 

For  the  dynamic  tests.  Figure  6  illustrates 
how  the  beam  was  attached  across  the  back  of 
j  Light  Armored  Vehicle  (LAV)  with  a  1-meter 
■  ntenna  separation.  The  surveyed  values  of  the 
beam  azimuth  that  were  taken  when  the  LAV 
was  stopped  and  the  LAV  navigation  gyro 
measurements  were  used  to  establish  a  pointing 
direction  reference  for  the  test.  Figure  7  shows 
the  theodolite  and  pointer  configuration  for 
obtaining  the  survey  azimuth  values;  here,  the 
theodolite  measures  the  angle  with  respect  to  a 
second  theodolite  over  a  known  marker  and 
baseline.  \lso  shown  in  Figure  7  are  the  two 
preamplifier/down-conversion  modules  that 
were  strapped  to  the  beam  to  the  left  of  the 
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Figure  6.  Light  armored  vehicle  with  antenna 
beam  attached. 


Figure  7.  Antenna  beam  with  survey  equip¬ 
ment  attached.  Antennas  are  microstrip  patches 
at  the  center  of  the  choke  ring  ground  planes. 


antenna/choke  ring  assembly.  Figure  8  shows 
the  ground  plane  configuration  with  the 
microstrip  patch  antenna:  however,  the  antenna 
cannot  be  seen  in  the  photograph. 

The  LA\’  was  equipped  with  a  Spectra 
Systems  Teldix  FOA25  dead-reckoning  naviga¬ 
tion  system^'!  that  includes  an  odometer,  a 
singie-a.\is  gyro,  and  a  map  display  position 
indicator.  The  position  and  azimuth  of  the 
\  chicle  were  transferred  in  digital  format  to  the 
map  display;  for  the  test,  these  values  also  were 
input  to  a  portable  digital  computer.  Also  input 
to  the  computer  were  time-tagged  pulses  from  a 
114100  GPS  receiver.  The  computer  software 
then  selected  and  time-tagged  the  position  and 
azimuth  from  the  navigation  system. 

The  dynamic  test  consisted  of  driving  the 
\ chicle  over  a  closed-loop  ground  track;  Figure 
t)  is  a  plot  of  the  Teldix  dead-reckoning  naviga¬ 
tion  system  position  data.  After  an  initial 
surveyed  azimuth  measurement,  the  LAV 
completed  two  loops  of  the  ground  track  and 
stopped  for  another  surveyed  azimuth  measure¬ 
ment  at  the  HERO  site  located  near  Hangar  1 
at  N'AVSVVG,  Dahlgren.  Virginia.  Two  loops  of 
the  ground  track  took  about  10  minutes. 
Approximately  1  minute  after  the  vehicle 
stoppitd,  the  Teldix  FOA25  navigation  system 
detected  that  the  vehicle  wa.s  no  longer  in 
motion  and  produced  constant  azimuth  values. 

The  reference  data  for  the  dynamic  test  con¬ 
sisted  of  azimuth  values  of  the  single-axis  gyro 
with  a  linear  correction  for  bias  and  drift 
errors  to  match  the  initial  and  final  surveyed 
azimuth  values  for  each  run.  This  matching  of 
the  surveyed  angles  corrects  for  the  approx¬ 
imately  90-degree  rotation  of  the  vehicle 
heading  to  the  direction  of  the  beam. 

A  f:omparison  of  the  microstrip  antenna  and 
the  flat  plate  ground  plane  configuration  with 


the  corrected  azimuth  of  the  single  axis  gyro  is 
given  in  Figure  10.  On  the  scale  used  to  show 
the  full  azimuth  change,  the  LAV  reference  and 
GPS  pointing  results  are  indistinguishable 
except  for  an  initial  22-second  period  that 
represents  the  phase  ambiguity  solution  time 
using  the  dynamic  algorithm. 8  The  beam 
azimuth  plot  shown  in  Figure  10  corresponds 
to  the  LAV  ground  track  plot  shown  in  Figure 
9.  When  the  LAV  is  moving  east  in  Figure  1C, 
the  beam  has  a  direction  of  almost  zero  degree 
(just  after  4:48  for  the  first  loop  and  5  03  for 
the  second  loop)  because  the  beam  is  mounted 
approximately  90  degrees  counterclockwise 
with  respect  to  the  LAV  navigation  system  axis. 
The  vehicle  is  moving  west  at  about  5:00  and 
5:05  in  the  figure.  Note  the  mirrored  image  of 
the  measured  azimuth  during  the  parallel 
ground  track  before  and  after  these  times. 


Figure  8.  Antenna  beam  with  microstrip 
antennas  and  flat  plate  ground  planes. 
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Figure  9.  Dynamic  test  LAV  ground  track. 


Figure  11  shows  the  GPS  azimuth  pointing 
error  relative  to  the  corrected  LAV  navigation 
truth  data:  the  error  has  a  0.04-degree  mean 
value  and  a  0.52-degree  standard  deviation. 
Since  the  large  error  "spikes"  of  Figure  11 
occurred  during  maneuvers,  they  are  thought  to 
be  experimental  errors  due  to  imprecise  time 
alignment  of  the  two  measurements.  The  error 
standard  deviation  without  these  spikes  is 
about  0.2  degree. 


Figure  11.  Example  of  A/,  pointing  error 
during  dynamic:  test, 


Covariance  Analyses  of  GPS/INS 

Two  years  before  the  launch  of  the  first  GPS 
satellite,  NAVSWC  performed  a  study  of  the 
accuracy  enhancements  to  be  gained  from  com¬ 
bining  GPS  with  an  INS.*t  This  early  study 
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Figure  10.  Example  of  Az  pointing  solution 
during  dynamic  test. 


simulated  a  receiver,  with  a  single  antenna  and 
pseudo-range  only,  on  board  a  carrier-based 
aircraft.  A  full  44-state  error  model  was 
developed,  and  reduced  state  suboptimal  filters 
were  shown  to  perform  nearly  optimally.  Since 
GPS  pseudo-range  measurements  do  not 
directly  update  platform  alignment  errors,  it  is 
through  the  filter  correlation  of  attitude  errors 
with  position  and  velocity  errors  that  alignment 
can  be  improved.  The  study  also  showed  that 
certain  flight  maneuvers  (e.g.,  flying  a 
horizontal  loop)  could  enhance  the  correlation 
through  sensed  acceleration,  and  thus  aid  in 
reducing  attitude  errors. 

A  new  covariance  study  was  recently  per¬ 
formed  by  upgrading  the  original  covariance 
model  to  include  measurements  of  smoothed 
pseudo-range  or  integrated  doppler  from  a 
single  antenna  and  by  modeling  phase 
differenced  measurements  from  multiple  GPS 
receiver  antennas.  The  doppler  data  may  be 
used  to  supplement  the  pseudo-range  data,  or 
the  pseudo-range  data  can  be  sequentially 
smoothed  using  continuous  doppler  data.  The 
revised  23-state  error  model,  which  includes 
states  for  position,  velocity,  attitude,  receiver 
clock,  and  accelerometer  and  gyro  biases  and 
drift,  was  used  to  study  the  effects  of  the 
various  measurement  types  for  a  collection  of 
generic  user  vehicles.  For  a  dynamic  platform, 
the  use  of  doppler  data,  even  with  a  single 
antenna,  can  significantly  reduce  attitude 
errors.  This  is  accomplished  by  exploiting  the 
system  error  state  correlations  between  velocity 
and  platform  attitude.  The  use  of  phase  dif¬ 
ference  measurements  from  two  or  three 
antennas  (with  nominal  l-meter  separation)  can 
significantly  reduce  attitude  errors  even  for  the 
static  case. 
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Table  3  presents  the  attitude  errors  from  the 
covariance  analysis  for  each  of  four  vehicle 
simulation  scenarios  of  1-hour  duration  each. 
The  first  scenario  is  a  static  case.  The  second 
simulation  scenario  is  for  a  ground  vehicle 
with  stop-and-go  motion  (0  to  60  mph)  and 
occasional  right  turns;  the  third  case  is  similar 
except  for  a  360-degree  turnaround  within  the 
first  few  minutes  and  later  S-turns  to 
demonstrate  the  correlation  enhancement  of 
antenna  motion.  The  fourth  scenario  is  an  air¬ 
craft  taking  off,  flying  a  wide  out-and-back 
loop,  and  landing.  All  of  the  cases  in  Table  3 
are  for  an  INS  with  1  degree  per  hour  drift. 
The  attitude  errors  are  expressed  with  respect 
to  the  vehicle  azimuth  and  the  local  vertical. 
Results  are  given  for  phase  measurement  data 
at  the  1-centimeter  and  1-millimeter  standard 
deviation  levels;  validation  tests  indicate 
current  capability  for  phase  measurements  at 
this  level,  if  not  in  a  high-signal  multipath 
environment. 

The  covariance  simulations  demonstrate  the 
mutual  enhancements  that  can  be  obtained  by 
combining  GPS  with  inertial  navigation.  The 
introduction  of  GPS  observations  from  a  single 


antenna  significantly  reduces  the  errors  in  the 
north  and  east  directions  (similar  to  roll  and 
pitch)  compared  to  those  expected  from  the 
INS  alone,  but  adds  only  moderate  im¬ 
provements  in  azimuth.  The  addition  of  the 
phase  difference  data  class,  derived  from  multi¬ 
ple  GPS  antennas,  significantly  reduces  the 
azimuth  error. 

Summary 

Real-time  GPS  attitude  determination  has 
become  a  practical  reality.  There  are  three 
significant  factors  that  have  led  to  this  capabil¬ 
ity.  First,  receivers  now  have  increased 
accuracy  for  measuring  coherent  phase  or 
phase  difference.  In  1984,  tests  of  TI4100 
receivers  configured  to  eliminate  all  sources  of 
noise  except  those  introduced  by  the  receivers 
themselves,  resulted  in  a  measurement  ac¬ 
curacy  of  about  2  millimeters. 25  On  receivers 
available  today,  similar  experiments  have 
shown  better  than  an  order  of  magnitude  im¬ 
provement.®’^®  Second,  antennas  have  improv¬ 
ed.  Tests  at  NAVSWG  of  various  antennas  and 
ground  plane  configurations  have  demonstrated 


Table  3.  Attitude  Errors  from  GPS/INS  Covariance  Analysis  with 
only  an  Average  Quality  Gyro  (1  deg/hr)* 


Static 

Plain 

Dynamic 

Dynamic 
with  Loop 

Aircraft 

Gyro  (no  GPS 
data) 

2972/1276 

2972/1276 

2972/1277 

2972/1276 

One  Antenna 

Pseudo-range 
data  (1  m) 

258/1014 

258/1001 

258/931 

259/921 

Pseudo-range 
and  Doppler 
data  (1-sec 
rate-  icm) 

162/1010 

162/965 

162/666 

163/801 

Multiple  Antenna  for  Single  Difference  Phase  Data 
(1-m  separation) 

All  3  data 
types  (1-cm 
phase  data) 

162/447 

162/446 

162/416 

162/437 

All  3  data 
types  (1-mm 
phase  data) 

162/124 

162/125 

162/124 

162/123 

‘Resull.s  are  avera)(e  R.S.S  level  (N  and  E)  and  azimuth  altitude  errors  expressed  in 
arcsecnnd.s. 
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significant  improvements  for  the  reduction  of 
signal  multipath. 27  However,  signal  multipath 
and  electrical  phase  center  variation  of  the 
antennas  remain  the  largest  error  sources  for 
GPS  attitude  determination.  Third,  there  have 
been  a  number  of  contributions  to  resolve 
quickly  the  integer  number  of  cycles  between 
the  phase  measurements. ®'28.29.30.3i  Tests  of  the 
TI  AN/PSN-9,  and  the  TI  method  of  resolving 
the  integer  ambiguity  described  above,® 
demonstrated  that  the  ability  to  obtain  the 
proper  integer  value  is  very  dependent  on  vehi¬ 
cle  dynamics.  For  example,  for  a  1-meter 
antenna  separation  and  a  1-second  measure¬ 
ment  interval,  5  minutes  of  data  collection 
were  required  for  the  static  case.  For  signifi¬ 
cant  dynamic  variation,  only  13  seconds  were 
required  for  integer  resolution.  A  four-antenna 
array  has  reduced  the  integer  cycle  resolution 
time  to  under  5  seconds  for  the  Ashtech  3DF 
receiver  system  when  five  satellites  are  in 
view.2t 

In  summary,  GPS  attitude  determination  has 
progressed  significantly  since  its  initial 
demonstration.  Because  the  satellite  ephemeris 
errors,  satellite  clock  errors,  and  propagation 
effects  (such  as  ionospheric  refraction  errors) 
are  highly  correlated  over  such  short  baselines, 
they  do  not  degrade  the  GPS  attitude  deter¬ 
mination  accuracy.  The  additional  attitude 
antennas  also  offer  the  potential  for  antenna 
null  steering  in  a  jamming  environment.22 
Further,  multichannel-on-a-chip  receiver 
designs  and  less  costly  microstrip  antennas, 
with  characteristics  that  are  repeatable  unit-to- 
unit,  make  the  additional  hardware  required  for 
attitude  determination  economically  feasible. 
These  enhanced  capabilities  of  GPS,  especially 
when  combined  with  an  INS,  should  be 
considered  for  all  future  applications  that 
require  attitude  determination,  including  ships 
at  sea.  platforms  on  the  ground  or  in  the  air, 
and  satellites  in  space. 
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